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CHAPTER 1 

INTRODUCTION AND SUMMARY 

1.1 SETTING OF THE ANGOLA BASIN 

The eastern South Atlantic has three distinct basins; these are from north to 

south the Guinea Basin, the Angola Basin and the Cape Basin (fig. 1.1). The Angola 
Basin, which is the deepest and largest, is bounded to the north by the Guinea Rise, to 

the west by the Mid Atlantic Ridge and to the south by the Walvis Ridge and its 
eastern edge is the African continent. The shelf adjoining the Angola Basin is 
generally very narrow. Off the mouth of the river Congo, the shelf is dissected by the 

upper part of the Congo submarine canyon, which is distinctly V-shaped down to a 
depth of 3600 m and cuts deeply into the continental slope. The canyon ends on the 
Congo deep-sea fan, where it continues as a relatively shallow deep-ocean channel. 

The deep-sea fan is the most prominent feature of the continental rise and extends 

from the foot of the continental slope to a depth of more than 5000 m. The deepest 

part of the basin (5200-6000 m) consists of an essentially flat area, the Angola abyssal 
plain. The Romanche and Chain fracture zones are located in the northwest of the 

Guinea Basin and form major gaps in the Mid Atlantic Ridge, connecting the abyssal 
depths of the eastern South Atlantic with those of the western basins. The Walvis 

Passage between the Mid Atlantic Ridge and the Guyot Province, which is a 
southwest extension of the Walvis Ridge, is the deepest connection between the Cape 

Basin and the Angola Basin. 

1.2 HYDROGRAPHY AND PRIMARY PRODUCTION 

The surface waters of the Angola Basin lie almost entirely in the tropical and 

subtropical region and the current system is dominated by the circulation of the great 

anticyclonic gyre (fig. 1.2). Surface water circulation in the Angola Basin is 

controlled by the interaction of three major currents: the northward Benguela Current 

(BC) and two eastward currents, the South Equatorial Counter Current (SECC) and 
the Equatorial Under Current (EVC) (JANSEN et aI., 1984). The river Congo with 
an average discharge of 1.45 x 1012 m3 yr-! is the second largest river in the world 
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Figure 1.1 Physiography ofthe eastern South Atlantic and 
location of the cores. The 2000 and 4000 m isobaths are 
shown and the shaded areas are deeper than 5000 m. The 
position of the Congo deep-sea fan is indicated by a dashed 
line (after VAN LEEUWEN, 1989) 

and drains the greater part of equatorial Africa (PETERS, 1978). The influence of the 
outflowing fresh water on the surface of the adjacent ocean is accordingly great. Near 

the river-mouth a narrow low salinity plume is formed, which broadens offshore as 

the ejected water loses momentum. This plume stretches 800 kIn westward into the 

Atlantic Ocean (EISMA and VAN BENNEKOM, 1978; VAN BENNEKOM and 
BERGER, 1984). 

The surface waters in the eastern South Atlantic are characterised by large 
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differences in fertility. The most oligotrophic waters are found towards the centre of 

the subtropical gyre (STEEMANN-NIELSEN and AABYE-JENSEN, 1957). 

Productivity is high in the coastal waters off Ghana and Ivory Coast where seasonal 

upwelling occurs. South of 15°S an extremely productive zone associated with the 
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Figure 1.2 Main elements ofthe surface water circulation in 
the eastern South Atlantic (for explanation see text), and 
regions ofseasonal (diagonally hatched) and year-round 
(double hatched) coastal upwelling. The high productivity 
area in the Equatorial Divergence is indicated by vertical 
hatching and the shaded area delineates the Congo plume 
(after VAN LEEUWEN, 1989) 

Benguela Current occurs along the African continent, dominated by seasonal coastal 

upwelling in the north and permanent coastal upwelling south of 23°S (BORNHOLD, 

1973). In the area of the Equatorial Divergence, NW of the Congo plume, the highest 

productivities were found (80 mg C m-2 h-I; VOITURIEZ and HERBLAND, 1981). 

Here, cool water rises into the euphotic zone during the warm season and upwelling 
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occurs in the winter, elevating the primary production throughout the year over a 

broad zone (HERBLAND et ai., 1983). Productivity also increases towards the area 

of the Congo outflow. River induced upwelling (EISMA and VAN BENNEKOM, 

1978) and the direct input of nutrients by the river (CADEE, 1978; 1984) contribute 

to high fertility off the Congo. Late Quaternary variations in upwelling in the latter 

area resulted in palaeoproductivities between 50 and 300 gC m-2 yr 1, the highest 

values being present in glacial intervals (SCHNEIDER et ai., 1994). During glacials, 

coastal upwelling also occurred north of the Congo, up to 5°N (JANSEN et ai., 1984). 

The surface waters are separated from the more uniform realm of the deep-sea 

by the thermocline layer (fig. 1.3). The deeper water of this layer is known as the 

South Atlantic Central Water (SACW) (TCHERNIA, 1980). Below the SACW, 

Atlantic Intermediate Water (AAIW) is found, which is characterised by a salinity 

minimum (VAN BENNEKOM and BERGER, 1984). Going north from its source 

area at the Antarctic Convergenge (about SODS), AAIW mixes with the overlying 

SACW, resulting in temperature and salinity increases. The AAIW is found on top of 

the North Atlantic Deep Water (NADW). Actually, the water below 1500 m is 

predominantly composed of NADW in the entire eastern South Atlantic. Its major 

source lies in the northern end of the West Atlantic and it enters the eastern South 

Atlantic from the west through the Romanche Fracture Zone (VAN BENNEKOM and 

BERGER, 1984). Below 4000 m less that 25 % of the bottom water of the eastern 

basins of the South Atlantic is of Antarctic Bottom Water (AABW) origin. This cold 

water mass originates from the Weddell Sea (BROECKER et aI., 1976) and enters the 

eastern basins mainly through the Romanche Fracture Zone. In the southern part of 

the Angola Basin the influx of AABW is greatly hindered by the presence of the 

Walvis Ridge and the adjoining Guyot seamount system. A minor flux, however, 

passes through the Walvis Passage (VAN BENNEKOM and BERGER, 1984). 

1.3 SEDIMENT DISTRIBUTION 

The sediments along the African continental margin are to a large extent 

derived from the continent. The terrigenous matter is supplied mainly by rivers, but in 

the southeastern Angola Basin aeolian transport is significant as well (BORNHOLD, 

1973). The most important source of terrestrial debris in the Angola Basin is the river 

Congo, which annually transports some twenty million tons of suspended matter 

directly into the ocean (EISMA and KALF, 1984). The major part of this suspended 

matter settles in front of the river mouth on the continental slope and the adjacent 
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Figure 1.3 Salinity section through the Guinea and Angola Basins, 
isoclines of 75 % and 50 % North Atlantic Deep Water (NAD W) are 
shown (after VAN BENNEKOM and BERGER, 1984). The section runs W
Ejust north of the equator from the Romanche Fracture Zone to 
approximately 0 0 longitude in the Guinea Basin and from there southward 
along the axis of the Angola Basin to the Walvis Passage. The following 
abbreviations are used: Mid Atlantic Ridge (MAR), Guinea Rise (GR), 
Guyot Province (GP), and Antarctic Intermediate Water (AAIW) (after 
VAN LEEUWEN, 1989) 

ocean floor. Another twenty million ton of suspended load is deposited in the river 

estuary, where it is only temporarily stored. Ultimately the sediments reach the 

canyon through which they are transported into the area of the deep-sea fan. The 

supply from the river consists of kaolinite, poorly crystallised smectite, quartz, and 

minor amounts of illite and gibbsite. The continental shelf is the source of well

crystallised smectite and admixtures of zeolite and cristobalite (VAN DER GAAST 

and JANSEN, 1984). 

Terrigenous clayey silts and silty clays, which are mostly free of carbonate, 

are deposited near the river mouth. Towards the north the terrigenous component 

becomes gradually less important, while the carbonate content increases to about 30 

%. Faecal pellets are a very common constituent of the shelf and upper slope 
sediments. Both the fan and the adjacent slope are mud-dominated and the sediments 
generally consist of clays and clayey silts; sands are restricted mainly to the canyon 
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floor (JANSEN et aI., 1984; VAN WEERING and VAN IPEREN, 1984). Turbiditic 

sedimentation is the most important process in the upper fan, whereas (hemi)pelagic 

sedimentation prevails in the lower part. Debris flow deposits, thought to originate 

from slumping on the slope, are found in the upper fan near the canyon mouth. 

Average organic carbon (Corg) content of the Middle and Late Quaternary 

sediments decreases from about 3.5 % near the canyon mouth to 1 % in the outer fan 

(VAN WEERING and VAN IPEREN, 1984). Both the turbidites and the 

(hemi)pelagic muds contain very little carbonate, but the opal content (mainly 

diatoms) is very high (up to 60 %; VAN DER GAAST and JANSEN, 1984; JANSEN 

et al., 1984). To the southwest the deposits of the Congo fan pass into a reddish 

brown abyssal lutite, which covers the deepest part of the Angola Basin (HEEZEN et 

al., 1964). Far from the continent and a supply of terrigenous matter, calcareous 

oozes prevail (ELLIS and MOORE, 1973; GOLL and BJ0RKLUND, 1974). In 

surface sediments, the highest carbonate values are restricted to relatively shallow 

depths on oceanic highs (VAN LEEUWEN, 1989). Below 4000 m the carbonate 

content steadily decreases towards the centre of the basin, the present water column 

lysocline lying at 4700-5000 m depth in this region (BISCAYE et al., 1976; 

THUNELL, 1982). Congo deep-sea fan sediments have remarkable low carbonate 

contents, which are mainly attributed to dilution by terrigenous sediment and to 

dissolution near the sediment/water interface (ZACHARIASSE et al., 1984; JANSEN 

et aI., 1984; VAN LEEUWEN, 1989). 

1.4 EARLY DIAGENESIS IN ANGOLA BASIN SEDIMENTS 

The dominant early diagenetic process in marine sediments is microbially 

mediated decomposition of organic matter (OM). On a global scale, coastal sediments 

(water depth < 200 m) account for 83 % of the sedimentary mineralisation 

(J0RGENSEN, 1983), and accumulate about 87 % of the total OM buried in 

sediments (BERNER, 1982). In continental slope and rise sediments (water depth 200

4,000 m) 15 % of the sedimentary mineralisation and 9 % of the C burial occurs, 

whereas deep-sea sediments account for the small remainder of OM mineralisation and 

burial on a global scale. However, in the Angola Basin, particularly in coastal 

sediments and in the Congo deep-sea fan sediments, above average OM accumulation 

and burial rates are expected because of high primary production and terrigenic OM 
inputs. 

In the marine environment the major electron acceptors for OM oxidation are 
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oxygen, nitrate, nitrite, manganese oxides, iron oxides, sulfate and the oxygen bound 

in OM itself. These oxidants are utilised in the sequence given above; the sequence 

being set by thermodynamic energy yield, process kinetics and bacterial physiology 

(MIDDELBURG et aI., 1993). This sequential utilisation often leads to a distinct 

zonation in marine sediments in which these reactions occur. In pelagic sediments, 

oxygen is by far the most important oxidant, whereas in coastal sediments sulphate 

may be as or even more important. Accordingly, in non-coastal sediments of the 

Angola Basin, oxygen was found to be the dominating oxidant, whereas OM 

degradation by nitrate, Mn(lV), and probably also Fe(I1I) reduction was several 

orders of magnitude lower (SCHULZ et ai, 1994). 

Pore water profiles reflect the kinds and rates of degradation processes 

affecting OM within the sediment, by the consumption of electron acceptors and the 
production of conjugate electron donors, accompanied by the production of carbon 

dioxide and nutrient species (VAN DER WEIJDEN, 1992). An interesting aspect of 
Angola Basin sediments is the linearity of these profiles observed in oxic as well as in 

the anoxic sections. This indicates that several early diagenetic processes are occurring 
in discrete reaction zones; their position being partly controlled by the fluxes of 

upward diffusing, reduced components such as methane, sulphide and ammonium, 

which are in competition with OM as reductants (SCHULZ et aI., 1994). As a result, 

the redox zonation differs from the classic succession of redox zones observed in 

sediments dominated by OM decomposition. 
The changes in pore water chemistry, in response to the reactions 

accompanying OM decomposition may result in the formation of authigenic minerals 

such as apatite, pyrite, rhodochrosite, siderite, vivianite and various ferric-ferrous 

silicates (BERNER, 1981). The occurrence of such remineralisation assemblages is 

useful in recognising terrestrially-influenced marine environments in the ancient 
sedimentary record and in characterising interstitial water chemistry at the time of 

formation (SUESS, 1979). A variety of authigenic minerals were found in Angola 
Basin sediments, of which pyrite is the most common (HAESE et ai., 1997). In 

addition, authigenic minerals like rhodochrosite, siderite, ikaite, ankerite, and zeolites 

have been found in these sediments (VAN DER GAAST and JANSEN, 1984; 
JANSEN et aI., 1987; GINGELE, 1992; HAESE et aI., 1997). 

1.5 THIS THESIS 

In this thesis early diagenetic processes in Angola Basin sediments are studied. 
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The sediments discussed were recovered during the 1989 Angola Basin Cruise with 

the RIV Tyro. Pore water samples of box cores 8, 12, 17, 19,28, and 42 and of 

piston cores 17, 19, and 28 are presented. In addition, the solid phase of piston cores 

17 and 19 was studied in detail. 

Chapter 2 deals with a controversial topic in the field of marine geochemistry: 

differences between (sub)oxic and anoxic decomposition of organic matter (OM). 

Pore water dissolved organic carbon (DOC) and fluorescence are used to demonstrate 

differences in decomposition pathways and external factors. In the oxic and suboxic 

redox zones low and constant contents of low molecular weight dissolved OM (LMW 

DOM) point to an efficient breakdown of high molecular weight (HMW) DOM into 

LMW components. In these redox zones, the activity of microbial grazers, the 

efficient respiratory chains of O2- and N03'-using bacteria, and the downcore 

decreases in the reactivity of OM result in the efficient breakdown of OM, with 

hydrolysis being the rate limiting step. In the anoxic redox zones HMW DOM 

concentrations increase linearly with depth suggesting a diffusion-controlled track. In 

the lower part of the methane-containing zone DOM becomes constant. 

Hypothetically, this may be due to OM decay rate limitation by fermentation. The 

HMW DOM is transported upwards to the suboxic/anoxic boundary. At this boundary 

HMW components are efficiently broken down to LMW DOM. 

In Chapter 3 pore water sulphate, sUlphide, and nutrients profiles are used to 

investigate the relative importance of sulphate reduction through OM decomposition 

versus that through anoxic methane oxidation. Anoxic methane oxidation was found to 

be the dominant sulphate-reducing process occurring in a narrow zone in Angola 

Basin sediments. Methane fluxes, calculated from the sulphate fluxes to the zone of 

anoxic methane oxidation range between 1. 89 x 10'6 and 7.31 X 10'6 mol cm,2 yr'!. 

Nutrient fluxes indicate a deep source for methane. Several calculations show that this 

methane may be derived from microbial or thermic OM decomposition or tentatively 

from instable gas hydrates. Sulphate kinks occur between 3 and 10 m depth, not only 

in our cores but also in several other reported sediments. Four potential processes to 

explain the occurrence of these kinks are discussed: 1) bioturbation/bio-irrigation, 2) a 

non-steady state process caused by turbidites or erosion, 3) a non-steady state situation 

caused by variations in CH4-fluxes from below, and 4) pore water sulphide oxidation 

at the depth of the kink. At present, the best scenario available is a non-steady state 

response to variations in the methane flux from below. 

Chapter 4 explores the Fe and Mn chemistry in Angola Basin sediments. 

Relative amounts of solid phase Fe- and Mn-minerals were estimated using a 

sequential extraction scheme. Additionally, pore water data of Fe and Mn, and 034S 
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values of pore water SO/" HS-, and of pyrite were used to investigate suboxic 

diagenesis, pyritisation and authigenesis of Fe and Mn-minerals. Pyrite formation is 

the most important Fe-involved diagenetic process in the sediments discussed. The 

bulk of the pyrite in the upper parts of the sediments had been formed in the past, in 

an open system at one location and in a closed system at another. Present day 

pyritisation occurs in a closed system at much lower rates. Low values of acid volatile 

sulphur (AVS) compared to pyrite indicate an efficient transformation of FeS to FeS2 • 

The pyritisation occurs in three zones. In the upper and lower reaction zones pyrite 

formation is limited by the supply of HS- into these zones. In contrast, pyrite 

formation is Fe-limited in the HS--containing interval between these zones. Significant 

amounts of Mn appear to coprecipitate with pyrite, in a constant proportion to Fe. At 

the bottom of both cores sequential extraction results indicate authigenic carbonate 

formation. These carbonates contain Ca, Mg, Fe, and Mn, that may represent phases 

like ankerite, siderite, and dolomite. 

In Chapter 5 several controls on the bulk isotopic and elemental OM 

composition, such as depositional regime, climate, and diagenesis, are discussed. 

Sediments in the lower parts of the cores are turbiditic, whereas those in the the upper 

parts are mainly controlled by pelagic sedimentation. The OM in turbidites has 

distinctly higher (C/N) and more negative 613C values than the OM in pelagic 

samples, showing its more pronounced terrestrial origin. The effect of anoxic 

diagenesis on the amount and composition of OM, albeit subordinate to oxic 
decomposition, is significant. It results in a depletion of a Nand P-rich fraction, and a 

slight enrichment in 13Corg' However, qualitative mixing trends between marine and 

terrestrial OM components, which are climate-controlled, seem unaffected by OM 

decomposition. Variations in the marine OM fluxes are controlled by variations in the 
productivity in the surface ocean, the highest productivities being found during 

glacials. These variations appear to be larger than those in terrestrial OM fluxes, 

resulting in dilution of the terrestrial signals by the marine ones at both locations. 

Nonetheless, relatively N-, P-, and 12C-depleted terrestrial OM fluxes also show a 

glacial/interglacial pattern. This pattern is controlled by variations in vegetation of the 

drainage area of the river Congo, the position of the coastline, erosion, OM recycling, 

and biomass. 
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CHAPTER 2 

DIFFERENCES IN (SUB)OXIC AND ANOXIC DECAY OF 

ORGANIC MAnER INDICATED BY DOC AND 

FLUORESCENCE IN ORGANIC-RICH SEDIMENTS OF THE 

ANGOLA BASIN, EASTERN SOUTH ATLANTIC 

-Submitted to Marine Chemistry; co-author G.J. de Lange-

ABSTRACT 

Pore water profiles of dissolved organic carbon (DOC) and fluorescence in 

organic-rich continental slope sediments of the Angola Basin indicate important 

differences between (sub)oxic and anoxic decay of organic matter (OM). In the oxic 

and suboxic redox zones of the sediment the DaM content is approximately constant 

and low, and has a low molecular weight (LMW), pointing to an efficient breakdown 

of high molecular weight (HMW) DOM into LMW components. This also indicates 

that production and consumption of LMW DOM are balanced by diffusion. In these 

redox zones, the activity of microbial grazers, the efficient respiratory chains of O2 

and N03--using bacteria, and the downcore decreases in reactivity of OM result in the 

efficient breakdown of OM, with hydrolysis being the rate limiting step. 

In the anoxic redox zones HMW DOM concentrations increase nearly linearly 

with depth suggesting a diffusion-controlled track. In the lower part of the methane

containing zone HMW and LMW DOM become constant. If microbial methane 

formation occurs in this interval, this may indicate that fermentation rates and 

hydrolysis rates have become about equal and that they both limit terminal 

metabolism. The HMW DOM is transported upwards to the suboxic/anoxic boundary. 

At this boundary HMW components are efficiently broken down to LMW DaM. 

Estimates of the benthic DOC fluxes lie between 0.2 and 3 mol C m-2 yr- I
, 

which is comparable to those found in coastal environments. These fluxes are three 

orders of magnitude higher then those from the anoxic into the suboxic zone. This 

indicates that the (LMW) DOM that leaves the sediment is produced in the suboxic 
rather than in the anoxic zones. 
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INTRODUCTION 

OM decomposition is a highly complex multi-step process, which as yet is not 

fully understood. It involves the subsequent hydrolysis and respiration or fermentation 

of the labile fraction of OM (e.g., JONES, 1985; CAPONE and KIENE, 1988; 

ALPERIN, 1988; MIDDELBURG et aI., 1993). The overall process is thought to be 

largely mediated by bacteria in sediments. However, in the bioturbated zone other, 

heterotrophic organisms are probably involved too (e.g., ALPERIN, 1988; LEE, 

1992). 

The initial breakdown of particulate organic matter (POM) occurs by 

hydrolysis, which is catalyzed by microbially produced exo-enzymes. These enzymes 

are active outside the cells because the organic molecules are too large to pass through 

the microbe's cell membrane (e.g., NEDWELL, 1984; MEYER-REIL, 1984; 

GOTTSCHALK, 1986; ARNOSTI, 1995). The rates of hydrolysis seem to decrease 

with depth in sediments and probably depend directly on the reactivity or age of the 

POM (e.g., J0RGENSEN, 1979; BERNER, 1980; MIDDELBURG, 1989; 

BURDIGE, 1991). This initial step usually limits the rate of the overall decomposition 

of POM in sediments (e.g., CAPPENBERG et aI., 1982). Ultimately, however, POM 

as well as high molecular weight dissolved organic matter (HMW DOM) are 

hydrolyzed to monomers, which are suitable to pass the microbes cell membrane and 

serve as substrates for respiration or fermentation. Fermentation can be defined as 

those biological processes that occur in the dark and do not involve respiratory chains 

with oxygen or nitrate as electron acceptors, in which case the term respiration is used 

(GOTTSCHALK, 1986). Respiring organisms are often able to perform the complete 

conversion of organic substances that can pass the cell membrane to CO2 and other 

inorganic end products. In contrast, fermenters are only able to perform a part of this 

process and need to form a symbiotic community with other fermenters, either for the 

removal of end products or for the supply of substrate. Thermodynamic calculations 

(THAUER et aI., 1977; CLAYPOOL and KAPLAN, 1974) indicate a progressively 

lower energy yield for OM decomposition coupled to respiration using various 

potential electron acceptors in the order: O2 > N03- > Mn02 > FeOOH > SO/- > 
CO2 , This predicted progression is often observed (e.g., FROELICH et aI., 1979; 

J0RGENSEN, 1983; DE LANGE, 1986). The bacteria occur in rather distinct zones 

because they out compete other species for energy source and substrate. Inhibitions of 

bacterial growth by differential toxicity may also occur. 
Dissolved organic matter (DOM) measurements may give valuable information 

about OM mineralisation, even though the knowledge of some aspects of this process 
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is rather limited. Pore water dissolved organic carbon (DOC) analyses over the last 

decades have indicated some general trends. DOC concentrations are generally low 

(about 0.01-1 mM) in the oxic and suboxic zones of the sediment and show no 

consistent trend (e.g., STARIKOVA, 1970; HEGGIE et aI., 1987; BURDIGE and 

HOMSTEAD, 1994). These concentrations are much higher than those in the 

overlying bottom water, indicating autochthonous production of DOC in sediments. In 

the anoxic zones (i.e., sulphate reduction and methane generation) DOC often 

displays a sharp increase (NISSENBAUM et aI., 1972; KROM and SHOLKOVITZ, 
1977; BARCELONA, 1980; DEVOL and AHMED, 1981). This increase is due to 

the incomplete mineralisation of POM by anaerobic bacteria (OTSUKI and HANYA, 

1972) and seems to be unaffected by the transition from the sulphate reduction into the 

methane generation zone (KROM and SHOLKOVITZ, 1977). However, no 

systematic trend in anoxic DOC profiles was found by BROWN et aI. (1972) and by 
LYONS et al. (1979). 

In this paper the multi-step OM decomposition in organic-rich slope sediments 

is discussed; sedimentary pore water data are presented including the whole range of 
redox zones from oxic to methanogenic. In the sediments discussed here, the most 

important anoxic process is anoxic methane oxidation (chapt. 3). The DOC, 

fluorescence, nutrient, and oxidant data are used to demonstrate that differences in 

OM decomposition concur with the various redox zones. Additionally it is 
demonstrated that these differences need not be the direct result of different oxidant 
utilisation alone, but can as well be associated with the depth-related activity of 
benthos/ microbial grazers. 

MATERIAL AND METHODS 

Three piston cores (PI7, P19, and P28) and six box cores (B8, Bl2, B17, 

B19, B28, and B42) were recovered and squeezed for pore water during the 1989 

Angola Basin Cruise with the RV Tyro in the eastern South Atlantic (fig. 2.1). 

The shipboard routine has been described in detail elsewhere (DE LANGE, 
1992). In brief, the cores were stored horizontally at 2 dc. The splitting of the core 

sections occurred immediately prior to pore water extraction, which started within 12 

h of core collection, also at 2°C. Samples for pore water extraction were taken after 

the surface mm of sediment had been removed in order to prevent the inclusion of any 
oxidised or contaminated material from the core splitter. Pressure filtration with 
Reeburgh-type squeezers, using filters with a pore size of 0.2 porn under a nitrogen 
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Figure 2.1 Coring locations 

atmosphere (02 < 0.003 %), was used to extract the samples at 2°C. 

Hydrogen sulphide, nitrate, ammonium and phosphate were measured on 

board ship with a Technicon Traacs 800 autoanalyser using automated methods 

(STRICKLAND and PARSONS, 1968). 

Within a few days after recovery, DOC and DIC were analyzed on board ship 
using a Shimadzu TOC-SOO total carbon analyzer. The samples were temporarily 

stored in precombusted septum-closed Pierce vials under N2 in a cool (4°C) and dark 

place so as to prevent contamination, exchange with air, and other post-sampling 

artifacts. DIC was measured by injecting the samples into the IC reaction tube filled 

with phosphoric acid and heated to IS0°C. Subsequently, DOC analyses were 

prepared by acidification of the samples with a 6 vol. % phosphoric acid solution and 
purging with N2 for S minutes to remove all inorganic carbon. On a regular basis, 
DOC measurements were calibrated using standards within the concentration range of 
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the samples and by measuring a blank. The blank, consisting of aged seawater, 

contained 0.7 ± 0.2 ppm DOC (0.06 ± 0.02 mM). The accuracy/precision of the 

method was monitored by repeated injection (on average 5 times) of samples and 

standards. In the 0-1 mM DOC range relative standard deviations (100 % x (0,,-1/5<» 

were in the order of 5-15 %, while at higher DOC values the relative standard 

deviation was below 5 %. 
Fluorescence was measured on board ship using a Perkin Elmer Filter 

Fluorometer model LS-2B. Prior to analysis, all samples were diluted tenfold with the 
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Figure 2.2 Emission wavelength fluorescence 2.2). A test showed no influence 
scans of seawater (. ) and a representative of ammonium on fluorescence, 
sample (0) at an excitation wavelength of 

despite its relatively high 
366nm 

concentration. 

Sulphate was measured as total S by routine inductively coupled plasma atomic 

emission spectrometer (ICPAES) analysis (Joblin Yvon JY 70 plus) at Kingston 

University (UK). Samples were tenfold diluted and acidified to a matrix of I M HCI. 

The precision/accuracy of the analysis was monitored by inclusion of a seawater 

standard made up in the same manner as the samples. After on board subsampling and 

acidification, oxidation of sulphide occurred; the sulphate data have been corrected 
accordingly (see also appendix 6.1). 
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RESULTS 

The box cores and piston cores were divided into redox zones using the results 

of redox-sensitive pore water constituents such as N03 , Fe2
+, Mn2

+, sot, and H2S 

(Table 2.1 and fig. 2.3). The zones ranged from oxic, most prominent in box cores 

B42 and B8, to methanogenic in the lower part of piston cores P17 and P19. The 

transition from the oxygen to the nitrate zones in cores B42 and B8 were determined 

by modelling the nitrate profiles according to Bender and Heggie (1984) and 

calculating the oxygen profile from the nitrate profile. The transition depth was 

defined as the depth of zero oxygen. 

Table 2.1 Depth intervals of redox zones in cm in the boxcores and in m in the pistoncores, 
discussed in the text. The O2 and NO]" zones are combined for boxcores 17, 12, and 19. The 02' 
NO]", alld MnIV/Fe''' zones are combined to olle (sub)oxic zone for the pistoncores 

OXIDANT 

CORE O2 NO]' MnIV/Fell sot CO2 

Box 42 (em) 0-25 25-40 
Box 8 (em) 0-14 14-50 

I 
I 

Box 17 (em) 0-14 14-35 
Box 12 (em) 0-11 11-40 
Box 19 (em) 0-5 5-40 

I 

Piston 28 (m) 0-13.5 13.5-16 
Piston 19 (m) 0-2.3 2.3-12.6 12.6-22 
Piston 17 (m) 0-1.7 1. 7-8.5 8.5-16 

DOC concentrations in boxcores were below 4 mM and did not show a 

consistent trend with depth (fig. 2.4). The average concentration of 1-2 mM, 

however, was much higher than that of the overlying bottom water (0.1 mM). DOC 

concentrations in P28 rose within the suboxic zone from 2 mM at 3 m to 6 mM at 

13.5 m depth. DOC contents in P17 and P19 varied non-systematically between 1 and 
4 mM in the suboxic zone. In the upper anoxic-sulphidic zone with near zero SUlphide 

concentrations, DOC contents still varied non-systematically between 1 and 4 mM in 
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Figure 2.3 Concentration vs. depth profiles ofdissolved nitrate (_), manganese (.), and iron 
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Figure 2.4 Concentration vs. depth profiles ofDOC for the boxcores and ofDOC and 
fluorescence for the pistoncores. Dashed lines are dIVISIOns of redox zones (see Table 2.1 and 
Figure 2.3). AMO stands for anoxic methane oxidation and the shaded areas represent the zone 
between the suboxic zone and the methanogenic zone 
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PI7 and PI9. Subsequently, DOC increased linearly with depth within the lower 

anoxic-sulphidic zone. This increase was unaffected by the transition from the anoxic

sulphidic to the anoxic-methanogenic zone, where methane was oxidised by sulphate. 

In both cores DOC increased to a concentration of 10 mM, and remained at that level. 
In piston core PI7, DOC became constant when sulphide had become zero. However, 

in P19 sulphide was still present at low levels at the depth where DOC had become 

constant (fig. 2.4). 

The fluorescence in P28 increased with depth within the suboxic zone, whereas 

that in P17 and P19 remained constant at near zero levels within this zone (fig. 2.4). 

In contrast, fluorescence in all cores showed slight increases with depth within the 

upper anoxic-sulphidic zone. Subsequently, in accordance with the DOC trend, 

fluorescence increased nearly linearly with depth. Again, the increase was 
uninterrupted by the transition from the sulphidic to the methanogenic zone. In P17 

fluorescence became constant where pore water sulphide became zero. In contrast 

with the DOC trend, fluorescence continued to increase at low sulphide levels at the 
bottom of PI9 (fig. 2.4). 

Fluorescence demonstrated a linear relationship with DOC for each core (fig. 

2.5). The slope of the fluorescence/DOC relationship was about the same for P17 and 

P28, whereas this slope was significantly higher for P19. All cores showed an axis 
intercept of about 2 mM DOC, indicating a constant non-fluorescent DOC pool of the 

same concentration. 

DISCUSSION 

C-cycl/ng in the (sub)oxic environment 

In sediments of the Angola Basin, with the exception of core P28, nearly 

constant DOC concentrations occur in the oxic and suboxic redox zones. These 

concentrations are relatively low compared to the anoxic zones but relatively high 
compared to the bottom water DOC concentration of 0.1 mM. The latter observation 

implies that (sub)oxic DOM is produced in the sediments. Compared to previous 

reports our (sub)oxic DOC concentrations are relatively high (STARIKOVA, 1970; 
LYONS et aI., 1979; HEGGIE et aI., 1987; BURDIGE and HOMSTEAD, 1994). A 

possible artifact such as destruction of infauna during pressure filtration might have 
caused higher DOC concentrations and scattering. The suboxic fluorescence profiles 

of the piston cores however, seem not to be affected by such an artifact. In addition, 
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Figure 2.5 Fluorescence vs. DOC/or PI7 (~), P19 (0), and P28 (+). Solid 
lines are best fits using a linear regression method 

the difference between bottom water and oxic DOC concentrations is probably too 

large to be explained by this potential artifact. 

Fluorescence values are low at a DOC value around 2 mM (fig. 2.5). Above 

this value, however, a linear correlation between DOC and fluorescence is evident. A 
relation between fluorescence and the molecular weight of DOM has been reported 

(CBEN and BADA, 1989; CHEN et a!., 1993). These authors propose that a 

representative BMW DOM fraction is fluorescent, while LMW DOM « 1000 

Daltons) is probably non-fluorescent. Awaiting more results on the fluorescence/ 

DOM relationship, we adopt this hypothesis. Accordingly, the near zero fluorescence 

values in the suboxic zones of cores PI? and Pl9 (fig. 2.4) indicate that the DOM 

pool in these zones has a low average molecular weight. In core P28, however, DOC 
and fluorescence values increase simultaneously downward in the suboxic zone (fig. 

2.4), showing the same relationship as for the other piston cores in the anoxic zone 
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(fig. 2.5). This would imply that concentrations of HMW DaM must increase going 

downcore. 

In order to explain these observations, two things need to be considered 

regarding the (sub)oxic decomposition of OM: the depth-related effect of benthos/ 

microbial grazers and the effect of the utilisation of different oxidants. OM decay 

appears to be more efficient near a sediment/water interface than it is deeper in the 

sediment (e.g., J0RGENSEN, 1983; NEDWELL, 1984; LEE, 1992). The presence 

of benthic organisms in the upper part of the sediment probably plays an important 
role in this respect. Bioturbation contributes to a higher porosity of the upper sediment 

and thus to a higher availability of dissolved oxidants for respiratory bacteria. The 

bioturbation depth is related to the amount and reactivity of OM in sediments. The 
amount of Corg is lower in the top 4 m of core P28 (0.6-1.4 wt. %), than it is in cores 
P17 and P19 (1-4 wt. %). In addition, the reactivity of the OM in core P28 is 

probably lower due to the lower sedimentation rate, which decreases away from the 

river mouth (JANSEN et aI., 1984), and to the greater water depth (5308 m) of core 

P28, compared to Pl9 (3137 m) and P17 (4258 m). Fragmentation of OM by 
animals, leading to higher surface areas for microbial colonisation and thus greater 

potential for microbial uptake of OM, may also stimulate OM remineralisation in the 

upper sediments (LEE, 1992). Another point that needs attention when OM 

decomposition in oxic and anoxic environments is compared is the concept of a 
microbial loop (LEE, 1992). Although not yet proven, there are strong suggestions 
that the major role of bacteria in OM decomposition may not be remineralisation, but 
rather the uptake of DaM, which is stored as bacterial paM. This paM may than be 

remineralised by microbial grazers, producing nutrients and DaM, which become 

available again for microbial growth (e.g., JUMARS et aI., 1989). Although the 
concept of such a microbial loop has been suggested for water column decomposition 

of OM, the same mechanism may also apply to sediments. In that case, the difference 

between the activity of grazers between oxic and anoxic sediments may explain much 
of the difference in carbon preservation rates between these two systems (LEE, 1992). 

The second consideration is the difference between metabolic pathways of respirators 

and fermenters (GOTTSCHALK, 1986). The relatively high energy yield of 

respiration and the ability of respirators to convert the substrate completely into cell 
material, CO2 and H20 without the intermission of and dependance on other bacteria 

may influence the efficiency of OM decomposition. Provisionally, this difference may 

result in higher OM decomposition rates in O2 and N03--containing sediments. 
Accordingly, the absence of HMW DaM in the (sub)oxic zone may be
 

explained by an efficient breakdown of these components into LMW DaM. The
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usually rate-limiting hydrolysis and THE ISUB)OXIC C-CYCLE 

respiration steps (fig. 2.6: A and B, 

respectively) are partly surpassed by 

the microbial loop (fig. 2.6: D and E). 

The constant LMW DOM pool D 

probably represents a balance of 

production (fig. 2.6: B and E) and 

terminal metabolism (fig. 2.6: C) of 

short chain organic acids (SCOA) 

within the suboxic zone, versus 

diffusion of SCOA into this zone from 

the anoxic zone and out of this zone 

into the overlying bottom water. 
Figure 2.6 Schematic representation ojthe 
(sub)oxic carbon cycle; A = hydrolysis,

C-cycling in the anoxic zones B=respiration, C=terminal metabolism, 
D=incorporation in microbial biomass, 
E=direct transfer of (microbial) POM to The strong and simultaneous 
short chain organic acids (SCOA) by the 

increase of DOC and fluorescence 
activity ojmicrabial grazers 

values in the anoxic zones indicate an 

increase of HMW DOM (fig. 2.4). This increase points to a different microbial 

decomposition pathway of OM in this interval (fig. 2.7). In general, the accumulation 

of HMW DOM in the anoxic zones may be favoured by the absence of microbial 

grazers and other heterotrophs in these zones (e.g., FENCHEL and RIEDL, 1970; 

LEE, 1992). Consequently, OM decomposition must proceed through hydrolysis and 

fermentation steps (fig. 2.7). Additionally, the more complex microbial community 

needed for fermentation as well as the downcore decrease in OM reactivity may be 

responsible for a decrease in HMW DOM turnover rates in the anoxic zones 

compared to the (sub)oxic zones. 

Another process which may cause a downcore increase of HMW DOM is the 

abiogenic condensation of LMW DOM. Nissenbaum and Kaplan (1972), Krom and 

Sholkovitz (1979) and Rashid (1985) have suggested that LMW DOM, and 

preferentially monomers, may be polymerised to HMW DOM components such as 

melanoidins, which are resistant to microbial attack. This abiogenic reaction is 

thought to be the first step towards the formation of geopolymers such as fulvic and 

humic acids. However, polymerisation of LMW DOM probably occurs progressively 
downcore and is not bound to a microbial or redox zone. At present, little direct 

evidence exists for the abiogenic condensation of LMW DOM (OREM et aI., 1986) 
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and its quantitative importance has to our knowledge never been shown. In addition, 

reduced S-species may react with DOM to form compounds that are more resistant 

towards microbial attack (KOHNEN et ai., 1989; HENNEKE, 1993). Although the 

HMW DOM accumulation in cores P17 and PI9 seems to be related to the presence 

of HS-, there appears to be no direct relation with its concentration. If such a relation 

would exist, then large concentrations of HS- are likely to lead to enhanced levels of 

such S-containing, relatively resistant compounds. In contrast, the fluorescence profile 

vs. depth in this particular interval is linear, suggesting a diffusion-controlled 

mechanism. It seems, therefore, that HMW DOM production is restricted mainly to 

the anoxic zones at the base ofthe cores PI7 and PI9, and deeper than the recovered 

core length at location P28. The HMW DOM profile may then be explained by 

upward diffusion from the production zone to the suboxic zone. 

In order to explain this hypothesis it is necessary to give a more detailed image 

of the redox conditions that exist in the sediments discussed. For similar sediments in 

the South Atlantic, Schulz et al. (1994) have suggested that sulphate reduction occurs 

mainly by methane oxidation and is 

limited to a narrow interval just above 
THE ANOXIC C-CYCLE 

the methanogenic zone. By using 

gradients in HC03- vs. SO/- plots we 

have shown that 83 %, 100 %, and 65 

% of the sulphate is reduced through D 

methane oxidation at locations PI7, 

P19, and P28, respectively (chapt. 3). 

The rest of the sulphate is reduced 
through OM mineralisation. It was 

also shown that sulphate is probably 

diffusion-controlled below 3.6 m and 

5.7 m, respectively in cores PI7 and 

PI9 (chapt. 3). This implies that 

between the suboxic/anoxic boundary 

and the methane oxidation zone almost 

no oxidation of OM occurs: suboxic 
Figure 2.7 Schematic representation ofthe 

oxidation is inhibited by H2S, methane anoxic carbon cycle; A = hydrolysis, 

generation is inhibited by SO/" and B=fermentation, C/ =acetogenesis from 
short chain organic acids (SCOA), sulphate reduction just does not occur 
Cz=acetate fermentation, C3 = COz

to a measurable degree, despite POM reductIOn, D=incorporalion in microbial 
concentrations of 2-4 wt. % in cores biomass 
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P17 and P19 in this interval. It is unlikely that hydrolysis and fermentation reactions 

continue in the absence of terminal metabolism. In that case, reaction products of 

fermentation such as SCOA and Hz would accumulate in the pore water. Let alone the 

fact that fermentation requires a low PHZ to proceed (e.g., NEDWELL, 1984), the 

DOC and fluorescence profiles show increasing HMW DOM values instead of 

increasing LMW DOM ( or SCOA ) values. Thus, hydrolysis and fermentation 

probably do not occur within the 'anoxic-sulphidic' zone. This implies that the DOC 

and fluorescence profiles are diffusion-controlled within this 'biological desert' in 

both cores. Within the narrow zone where methane oxidation occurs, however, an 

abundance of bacteria may be expected. 

At the base of core P17 constant levels of DOC and fluorescence are observed 

(fig. 2.4). Constant DOC concentration in the methanogenic zone have also been 
observed by Devol and Ahmed (1981: 7 mM DOC), Orem et al. (1986: 3.5 mM 

DOC), and Alperin (1988: 10 mM DOC) and may be explained by the establishment 

of an equilibrium, where DOC concentrations are maintained at a higher level (10 

mM DOC) than in the sub-oxic zone (1-2 mM DOC) (fig. 2.4). The constant DOM in 

the methane-containing zone primarily consist of HMW components. Unfortunately 

our data are insufficient to proof that microbial methanogenesis is sustained within the 

depth interval of the cores. Therefore, further research is needed to evaluate possible 

relations of this balance to changes in the anoxic microbial pathway. Additionally, the 

observation that DOC and fluorescence become constant after the HS- disappearance 

from solution in core P17 may be a coincidence. On the basis of this one core 
observation, it cannot be attributed to a general process as yet. Future efforts devoted 

to study geochemical and microbiological key parameters in cores from different 

environments may further clarify these potential processes and their products. 

Transport of DOM through the sediment column 

Benthic fluxes of DOC across the sediment-water interface have been reported 

for some continental slope and coastal sediments (e. g., HEGGIE et aI., 1987; 

BURDIGE et aI., 1992; CHEN et aI., 1993). For the boxcores studied in this paper, 

flux estimates were made using Fick's first law: 

J = 00 Ds (oc/oz)o (2.1) 
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Table 2.2 Estimation ofbenthic DOCfluxes, assuming a molecular weight range of59 to 500 
daltons 

Boxcore DOC-flux DOC-flux average depth 
MW=59 MW=500 of the first DOC 
(mol C m-2 yrl ) (mol C m-2 yr-l 

) measurement (em) 

8 0.48 0.21 5.0 
12 2.2 0.94 0.5 
17 2.8 1.2 1.5 
19 0.72 0.31 2.0 
42 1.0 0.45 3.0 

where Ds is the bulk sediment diffusion coefficient, and 00 and (oc/oz)o are the 

porosity and concentration gradient, respectively, at the sediment-water interface. 

The initial porosity is about 0.9. For the lower and upper limits of the molecular 

weight of LMW DOM 59 (acetate) and 500 daltons were used as estimates; this gives 

a DO ranging between 2.5 x 10-6 and 5.6 x 1O-6 cm2 sec l for 2 °C (BURDIGE et ai., 

1992) and a Ds ranging between 67 and 150 cm2 yr- l 
• The concentration gradients 

were taken from the depth of the first DOC measurement to the sediment-water 

interface, assuming a bottom water DOC concentration of 0.1 mM. This will give 

minimum estimates for the DOC fluxes (Table 2.2). The benthic DOC fluxes are 0.2 
to 3 mol C m·2 yr-], which is comparable to those found for coastal environments such 

as Cape Lookout Bight and Buzzards Bay (BURDIGE et ai., 1992). 

The flux of HMW DOM across the suboxic-anoxic interface was also 
calculated using equation 4. Porosity is about 0.8 and for the lower and upper limits 

Table 2.3 Estimation ofDOC fluxes across the suboxic/anoxic inteiface, assuming a molecular 
weight range of 1,000 to 10,000 daltons 

Pistoneore DOC-flux DOC-flux 
MW=l,OOO MW=10,OOO 

(10.3 mol C m-2yr-l ) (10-3 mol C m·2yr-l ) 

17 3.7 1.5 
19 2.3 0.92 
28 1.5 0.61 



34 Chapter 2 

of the molecular weight of HMW DaM 1,000 and 10,000 daltons were used as 

estimates; this gives a DO ranging between 0.76 x 10-6 and 1.87 x 10-6 cm2 sec- l for 2 
l°c (BURDIGE et aI., 1992) and a Ds ranging between 20 and 50 cm2 yr- • These 

HMW DOC fluxes across the suboxic/anoxic interface lie between 0.6 x 10-3 and 4 

x 10-3 mol C m-2 yr- l (Table 2.3), which is three orders of magnitude lower than the 

LMW DOC flux across the sediment-water interface. This observation clearly 

indicates two things: 

CD the HMW DOC flux is efficiently broken down to LMW components at the 

suboxic-anoxic interface 

@ the LMW DOC-fluxes across the sediment-water interface are dominated by 

DaM production in the (sub)oxic zone and not by transport from the anoxic 

zone 

Differences between HMW DOC fluxes may be explained by differences in diffusion 

path-lengths between the production zone and the consumption zone ( the suboxic

anoxic boundary) of HMW DaM. These diffusion path-lengths may be externally 

controlled by differences in methane fluxes to the methane oxidation zone (see also 

chapt. 3). 

CONCLUSIONS 

Fluorescence and DOC data versus depth in sediments representing a range of 

redox conditions give the following important clues about the stepwise decomposition 
of OM in sediments: 

In the oxic and suboxic redox zones of the sediment the DaM content is 

approximately constant and low and is thought to have a low molecular weight. This 

may indicate an efficient breakdown of HMW DaM into LMW components. 
Additionally, the production and consumption of LMW DaM are balanced by 

diffusion. DOC fluxes across the sediment/water interface are three orders of 

magnitude higher than those from the anoxic zone into the suboxic zone. This 

indicates that the (LMW) DaM that leaves the sediment is mainly produced in the 

oxic and suboxic zones. Several factors may favour efficient OM decomposition in the 

oxic and suboxic zones: the activity of microbial grazers in the bioturbation zone, the 

efficient respiratory chains of O2 and N03--using bacteria, and downcore decreases in 

the reactivity of OM. The low concentrations of HMW DaM in this zone may 
indicate that hydrolysis is the rate limiting step in the (sub)oxic C-cycle. 

In the anoxic redox zones HMW DaM increases linearly with depth. In the 
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lower part of the methane-containing zone HMW and LMW DOM become constant. 

If microbial CH4-formation occurs in this interval, this may indicate that fermentation 

rates and hydrolysis rates have become about equal and that they both limit terminal 

metabolism. Future efforts devoted to study geochemical and microbiological key 

parameters in cores from different environments may further clarify these potential 

processes and their products. The HMW DOM is transported upwards by diffusion to 

the suboxic/anoxic boundary. At this boundary HMW components are efficiently 

broken down to LMW DOM. 

The benthic DOC fluxes lie between 0.2 and 3 mol C m-2 yr-!, which is 

comparable to those found for coastal environments such as Cape Lookout Bight and 

Buzzards Bay (BURDIGE et ai., 1992). 
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CHAPTER 3: 

ANOXIC METHANE OXIDATION IN ANGOLA BASIN 

SEDIMENTS 

ABSTRACT 

Three cores recovered from the continental slope of the Angola Basin were 

examined for anoxic diagenesis. Anoxic methane oxidation was found to be the 

dominant sulphate-reducing process occurring in a narrow zone in Angola Basin 

sediments. A fractionation of 40-45 %0 in 634S occurs between the pore water S04 and 

HS, indicating a microbially mediated process. The methane fluxes to the zone of 

anoxic methane oxidation cannot be solely explained by microbial OM decomposition 

by methanogens. Alternative possible methane sources are the upward diffusion of 

methane from thermal production or from instable gashydrates. Our data and data 

assembled from the Iberia Abyssal Plain, the Indian Ocean, the Northern Benguela 

upwelling region and the Congo Fan show pronounced gradient changes (kinks) in the 

sulphate profiles between 3 and 10 m depth. When sulphate fluxes above and below 

the kinks are compared with sedimentation rates, Corg contents, and water depths of 
the various locations no direct systematic relationship is found. 

Steady state processes like bioirrigation or HS-oxidation cannot explain the occurrence 

of these sulphate kinks. At present, the best scenario available is a non-steady state 

reponse to variations in the methane flux from below. 

INTRODUCTION 

Diagenetic processes have been studied mainly in coastal sediments, not only 
accounting for 83 % of the global sedimentary organic matter (OM) mineralisation 

(J0RGENSEN , 1983), but also accumulating 87 % of the total OM buried in 

sediments (BERNER, 1982). In these sediments, oxidation of OM occurs mainly by 

Oz and S04' whereas bacterial methane formation by fermentation or COz-reduction 

also plays an important role in some cases (e.g. Skan Bay: REEBURGH, 1980; 

Kattegat and Skagerrak: IVERSEN and J0RGENSEN, 1985). At the transition from 
sulphate-reducing to methanogenic zones in these sediments, anoxic methane 

oxidation was proposed to explain the depletion of methane (REEBURGH, 1976; 
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BARNES and GOLDBERG, 1976; MARTENS and BERNER, 1977). Anoxic 

methane oxidation appears to be a common process not only in coastal sediments 

(DEVOL and AHMED, 1981; ALPERIN et aI., 1988), but also in deeper marine 

sediments (PAULL et aI., 1994; SCHULZ et ai, 1994), swamps (HAPPELL et aI., 

1994) and lacustrine sediments (RUDD, 1980). This reaction is an important link in 

the carbon and methane biogeochemical cycles (BLAIR and ALLER, 1995) because 

anoxic oxidation in marine sediments may consume between 5 and 20 % of the global 

flux of methane to the atmosphere (HENRICHS and REEBURGH, 1987; 

REEBURGH and ALPERIN, 1988). 

In continental slope and rise, and in deep-sea environments that are 

quantitatively still important for the global C-cycle, oxygen becomes the dominant 

oxidant of OM (MIDDELBURG et aI., 1993). Accordingly, sulphate profiles in 

continental slope and rise and deep-sea sediments often are linear, indicating that 

bacterial sulphate reduction is relatively unimportant for OM mineralisation. These 

linear sulphate profiles have been found at a variety of locations all over the world, 

such as: Peru Margin (WHITICAR and SUESS, 1990; KVENVOLDEN et aI., 1990; 

KVENVOLDEN and KASTNER, 1990; POSSING, 1990), California Shelf 

(BOROWSKI et aI., 1996), Pacific (NE Australia) (SWART, 1993), Oman Margin 

and Owen Ridge (PEDERSEN and SHIMMIELD, 1991), Atlantic (Iberia Abyssal 

Plain) (MEYERS and SHAW, 1996), NW African Continental Margin 

(HARTMANN et aI., 1976), South Atlantic (SCHULZ et aI., 1994) and Amazone 

Shelf (ALLER et aI., 1986). At these locations, linear sulphate profiles can be 

subdivided into three groups: 1) S04 remains at seawater concentration, 2) S04 starts 

to decrease at the sediment-water interface and becomes depleted at depth, 3) S04 first 

remains constant or decreases gradually to a certain depth after which it decreases 

with a steeper gradient to zero. In the latter two cases anoxic methane oxidation is 

probably the process that causes sulphate depletion. Gradient changes in the sulphate 

profiles occur at various locations (HARTMANN et aI., 1976; PEDERSEN and 

SHIMMIELD, 1991; SCHULZ et aI., 1994) at depths ranging from 3 m 

(HARTMANN, 1976) to about 25 m (PEDERSEN and SHIMMIELD, 1991). 

Reoxidation of reduced inorganic S species from pore water or solid phase to sulphate 

at and/or above the sulphate kink has been suggested as an explanation for the 

occurrence of sulphate kinks (SCHULZ et aI., 1994). However, satisfactory proof has 

not been found for this suggestion as yet, partly because of difficulties with S-budgets. 

Methane may originate from three possible sources: 1) production by bacterial 
fermentation or CO2 reduction in the normal early diagenetic T-realm; 2) thermal CH4 
production at greater depths; 3) indirectly from instable gashydrates, also at greater 
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depths. Theoretically, methanogens may outcompete sulphate reducers for certain 

specific compounds (reviewed in CAPONE and KIENE, 1988). This may explain 

why bacterial production of methane (case 1) at low sulphate concentrations occurs in 

sediments where oxidation of OM by sulphate reducers at higher sulphate 

concentrations is low or absent. However, it is unlikely that the low molecular weight 

dissolved organic matter (LMW DaM) pool consists mainly of these specific 

compounds like methylated acids, while more common, competative substrates such 

as acetate are absent. Accordingly, this situation has never been reported in marine 

sediments. Thermal methane production (case 2) will occur at depth if enough OM 

remains. This may explain ODP observations in which NH4 and P04 concentrations 

often keep rising to depths of hundreds of meters into the sediment (e.g. PEDERSEN 

and SHIMMIELD, 1991). Instability of gashydrates as methane source (case 3) 
obviously is constrained to their occurrence. Borowski et al. (1996) have shown that 

this case can explain linear sulphate profiles at the California Shelf. However, it does 
not explain nutrient fluxes from below reported at other locations (e.g., PEDERSEN 

and SHIMMIELD, 1991). 
In this paper, deep-sea sediments and their pore-water chemistry from the 

Angola Basin (eastern South Atlantic) will be discussed. These hemipelagic sediments 

are characterised by high Corg contents and contain some turbiditic intervals. Sulphate, 
sulphide and nutrient data will be used to demonstrate that anoxic methane oxidation 

is the dominant sulphate-consuming reaction. The possible sources for methane and 
nutrients, and the origin of gradient changes in sulphate profiles will be discussed. 

MATERIAL AND METHODS 

Piston cores P17, P19 and P28 were recovered at water depths of 4258, 3137, 

and 5308 m, respectively, and squeezed for pore-water during the 1989 Angola Basin 
Cruise with the RV Tyro in the eastern South Atlantic (fig. 3.1). 

The shipboard routine has been described in detail elsewhere (DE LANGE, 

1992) and will be summarised briefly here. Pore-water extraction was started within 
12 h of core collection and took place at in situ temperature (2 0C). Samples for pore

water extraction were taken after the surface mm of sediment had been removed in 
order to prevent the inclusion of any oxidised or contaminated material. Pressure 

filtration using filters with poresize of 0.2 J1.m under a nitrogen atmosphere (02 < 
0.003	 %) was used to extract the samples. 

Hydrogen sulphide, ammonium and phosphate were measured on board ship 
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with a Technicon TRAACS 800 autoanalyser using an automated method 

(STRICKLAND and PARSONS, 1968). Within a few days after recovery, dissolved 

inorganic carbon (DlC) was analysed on board ship using a Shimadzu TOC-SOO total 

carbon analyser. The samples were temporarily stored in precombusted septum-closed 

Pierce vials under Nz in a cool (4°C) and dark place so as to prevent contamination, 

exchange with air, and other post-sampling artifacts. DlC was measured by injecting 

the samples into the IC reaction tube filled with phosphoric acid and heated to 150°C. 

The evolved COz was measured using an infrared detector. 

Sulphate was measured as total S by routine ICPES analysis (Joblin Yvon lY 
70 plus) at Kingston University (UK). Samples were ten-fold diluted and acidified to a 
matrix of I M HCI. The quality of the analysis was monitored by inclusion of a 
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sseawater standard made up in the same manner as the samples. After on-board 

subsampling and acidification some oxidation of sulphide has occurred in the 

subsamples used for sulphate analysis; the sulphate data have been corrected 

accordingly (see also appendix 6.1). 

Subsamples for S-isotopes were prepared on board ship, immediately after 

squeezing in a N2-filled glove bag. A ZnA~ and a Na2C03-s01ution (two times 100 Jotl 

for P17; two times 200 Jotl for P19) were added to 5 ml pore water in septum-closed 

pyrex flasks, which were stored at 2°C. The pore water HS· precipitated as ZnS by 

this addition. In the laboratory, these samples were filtered and flushed with de

ionised water (pH 8). The residue, containing the ZnS was dried at 40°C. A BaCI2

solution was added to the filtrate to precipitate the sulphate as barite. This was filtered 

again and the residue containing the barite was dried at 40°C. The ZnS and BaS04 

precipitates were measured for their stable sulphur isotope composition e4Sp2S) 

relative to the Vienna-Canyon Diabolo Troilite (V-CDT) by means of combustion 

isotope ratio monitoring mass spectrometry (C-irmMS; BOTTCHER et aI., 

submitted). 

RESULTS 

The sulphate data showed a gradual linear decrease to a depth of 3.8 m, 5.6 

m, and 6.4 m for cores PI?, PI9 and P28, respectively (fig. 3.2a,b,c). Subsequently, 

sulphate decreased linearly with a steeper gradient to zero at a depth of 8.3 m (PI7), 

12.2 m (PI9), and more than 16 m (P28). Hydrogen sulphide was present in solution 

from depth of 1.7 m (PI?), 2.3 ill (PI9) and 13.5 m (P28) and increased to a 

maximum, which coincided with the depth where sulphate became zero. 

Subsequently, it decreased again to zero at a depth of about 12 ill (P17), and more 

than 21 m (PI9) (fig. 3.2). 

Ammonium, phosphate, and bicarbonate concentrations increased linearly with 

depth in all cores, except for PI7 where phosphate decreased at the base (fig. 3.2). 

These increases were smaller above the sulphate kink than below it, although the 

gradient changes were less sharp compared to sulphate. 

The &34S value of sulphate was constant above the sulphate kink at +21 %0 in 

core PI? and +26 %0 in core PI9, which was relatively close to and slightly above 

the &34S of seawater repectively (fig. 3.2). Subsequently, the &34S of sulphate 
increased to the depth of zero sulphate in both cores, and reached +58 %0 in core 

P17. The &34S of HS· also increased with depth in both cores. Below the depth of zero 
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sulphate, the increase was less pronounced. 

DISCUSSION 

Sulphate reduction through anoxic methane oxidation and through OM 

mineralisation 

There is not only strong circumstancial evidence for the enhanced presence of 

CH4 in the lower parts of cores Pl7 and P19, but also for the importance of anoxic 

methane oxidation through S04-reduction: Firstly, numerous gas structures have been 

observed below 8.1 m in core P17 and below 14 m in core P19; secondly, the 

coincidence of the HS- -maxima with the SO/- -depletion as well as the linearity of the 

sot -profiles indicate a narrow reaction zone where sulphate is consumed and 
hydrogen sulphide is produced (fig. 3.2). During the reduction of pore water sulphate 

to sulphide4 in this reaction zone a fractionation of 40-45 %0 occurs, indicating a 

microbially mediated process. Additionally, phosphate and ammonium profiles are 
unaffected by the sulphate reducing process at the base of the sulphate profile, 
indicating that in this zone no OM mineralisation occurs (fig. 3.2). The gradient in a 

plot of HC03- vs. SO/- indicates the relative importance of the following reactions 

because of their different stoichiometries (fig. 3.3): 

2 CHzO + SO/- ~ 2 HC03- + H2S (3.1) 
CH4 + sot ~ HC03- + HS- + Hp (3.2) 

The C/S ratio, defined and calculated in appendix 3. 1, is 1. 17 for core P17, 0.98 for 
core P19 and 1.35 for core P28. This indicates that at location P17 83 %, at location 

P19 100 %, and at location P28 65 % ofthe sulphate is reduced through methane 

oxidation, while the rest of the sulphate is reduced through OM mineralisation. The 

uninterrupted ammonium and phosphate profiles across the anoxic methane oxidation 

zone indicate that the latter process may occur throughout the anoxic interval above 
the methane oxidation zone. In previously reported studies (e.g., REEBURGH, 1976; 

MARTENS and BERNER, 1977; ALPERIN et aI., 1988), anoxic methane oxidation 

rates (reaction 2) usually are subordinate to sulphate reduction rates (reaction 1). 

However, these studies were done in near-coastal sediments, where enough reactive 

OM remains after (sub)oxic diagenesis to support sulphate reduction. In contrast, the 
low contribution of sulphate reduction by OM found in cores P19, P17 and P28 is in 

agreement with observations in the sediments of the eastern tropical Atlantic, the 
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Benguela upwelling region and the Congo fan (JAHNKE et al., 1989; MORSE and 

EMEIS, 1992; SCHULZ et al., 1994). It was found that a large fraction of OM is 

resistant to decomposition by anoxic processes. This has been interpreted to be due to 

the absence of sulphate-reducing bacteria (JAHNKE et al., 1989), to the inhibition of 

sulphate reduction by microbial reduction of reactive Fe(III)-oxides (LOVLEY, 1991; 
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SCHULZ et aI., 1994), or to differences in substrate specifity of (sub)oxic and anoxic 

bacteria (LEE, 1992; SCHULZ et aI., 1994; chapt. 2). 

From the stoichiometry of the anoxic methane oxidation reaction, and 

assuming steady state, it follows that sulphate and methane fluxes to the front should 
zbe equal. These fluxes are: P17: J(S04) '" J(CH4) = 7.31 x 10-6 mol cm- yr-1, P19: 

zJ(S04) '" J(CH4) = 4.73 X 10-6mol cm- yr- I and P28: J(S04) '" J(CH4) = 1.89 x 10

6mol cm-Zyr-1(Table 3.1). As a first approach, the assumption is made that CH4 has 

the same source as NH4+ and HPO/" , namely degradation of OM (microbially or
 

thermally) at a certain depth. The fluxes of these three constituents should then be
 

coupled by the following reaction, representing a total reaction with terminal
 

metabolism through acetate fermentation:
 

(CHzOMNH3)iH3P04)z + (y-2z) H+ - 1I2x CH4 + 1/2x COz + YNH4+ + z HPO/ 

(3.3) 

The average stoichiometric composition of the fraction of the OM that is decomposed 
has been estimated by using plots of HC03- vs. NH4+ and NH4+ vs. HPO/, corrected 

for differential diffusion: P17: (CHZO)I1J6(NH3)16.7(H3P04)\.45; P19: 

(CHZO)11J6(NH3)14Z(H3P04)O.81 and P28: (CHZO)I1J6(NH3)155(H3P04)173 (chapt. 5). 

Supposing that this composition is unchanged in the depth interval where it is 

decomposed, this can be used to calculate CH4-fluxes from the NH4-fluxes, assuming 
the same organic source as the nutrients (Table 3.1). 

Table 3.1 Fluxes of sulphate. ammonium and phosphate. derived from pore water gradients. 
J(CR,Jorg. which represents the methane flux through OM remineralisation. is calculaledfrom 
J(NR,J and the estimated stoichiometry ofOM. J(CR.,)ex is the difference between the total 
J(CR.,). which equals J(SO.,). and J(CR,Jorg 

flux 

core 

J(S04) 
(10-6 mol 
cm-z yr-!) 

J(NH4) 
(10-6 mol 
cm-2 yr-!) 

J(P04) 
(10-6 mol 
cm-2 yr-!) 

J(CH4,org) 
(10-6 mol 
cm-2 yr-!) 

J(CH4,ex) 
(lO-6 mol 
cm-2 yr-!) 

P17 7.31 1.54 0.125 4.88 2.43 (33%) 

P19 4.73 0.67 0.037 2.50 2.23 (47%) 

P28 1.89 0.41 0.049 1.39 0.50 (26%) 
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In all cores the methane flux calculated from the sulphate flux exceeds this 

"organic" methane flux. Consequently, there must be a deep source of methane in 

addition to the 'organic' methane. Provisionally, this additional methane may be 

derived from instable gas hydrates at greater depth. Both microbially produced 

methane and thermogenic methane may ultimately form gas hydrates at depth, 

dependent on temperature, pressure, and methane concentration. These methane 

hydrates may form areally extensive fields; e.g., 26,000 km2 at sediment depths of 

200-600 m subbottom at the Carolina Rise and Blake Ridge (BOROWSKI et aI., 

1996). Instability of gashydrates may produce methane that is transported upwards by 

diffusion until it encounters sulphate. This methane flux beares no relation to nutrient 

fluxes and may vary extensively in time. Alternatively, average C/N-ratios of the 

particulate OM instead of C/N-ratios of the decomposing OM, as detected in pore 

water nutrient contents, may be used to calculate methane fluxes from J(NH4). These 
C/N ratios are 28.7 and 24.5 for cores P17 and P19, respectively (chapt. 5). This 

calculation represents the situation that all OM is transferred to methane and will 
result in maximum potential methane fluxes. These maximum methane fluxes are 
22.1 x 10,6 mol cm'z yr,l and 8.2 x 10'6 mol cm'2 yr'l for location P17 and P19, 

respectively, and are in excess of the sulphate fluxes to the zone of anoxic methane 

oxidation. This indicates that potentially thermal methane production alone is large 

enough to account for the calculated methane flux to the oxidation zone. Clearly, 
more information is needed on the possible sources of CH4: i.e. future research should 

be directed at stable isotope analyses of CH4, HC03', and authigenic carbonates. Plots 

of the 013C of methane versus the volumetric gas ratio (C/(C2 +C3» may help to 

discriminate between thermogenic and microbial sources (e.g., BERNARD et aI., 

1976; KVENVOLDEN, 1995) whereas plots of the o13C of methane versus that of 
COz (from pore water HC03' or authigenic carbonates) may help to discriminate 

between different microbial methanogenic processes such as acetate fermentation of 

COz-reduction (e.g., WHITICAR and FABER, 1986). 

Gradient changes in the sulphate profiles 

Gradient changes in sulphate profiles occur at various locations (see references 

fig. 3.4). Sulphate data from some of these locations have been compiled in a 

simplified form, i.e. only the fits of the linear parts of the profiles are shown (fig. 

3.4). All cores show sulphate-fluxes that are directed downward from the 
sediment/water interface to the sulphate kinks (11)' although these fluxes are very low 
for core GeoB 1023 and specifically for core GeoB 1401. The S04-kinks occur 
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between 3 and 6 m with the exception of core GeoB 1401, where it occurs at 10 m. 

At the Oman Margin, S04 kinks even occur at depths of 25 m (PEDERSEN and 
SHIMMIELD, 1991). The sulphate fluxes from the sulphate kink downwards (J2) are 
all higher than J I and are remarkably similar (2-9 x 10-6 mol cm-2 yr- l

). Comparison of 
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the sulphate fluxes with sedimentation rates, Corg contents, and water depths shows no 
systematic relationship (Table 3.2). 

Several causes can be given for the rather widespread occurrence of these S04 

kinks, which, as yet, have not been fully understood or explained. Such kinks may be 

caused by either a steady-state or a non-steady-state situation. In steady-state, the 

relatively low S04 gradient above the kink may persist in time either by constant 

renewal of pore water from above by bioturbation or bioirrigation (case I) or by a 

continuous in-situ oxidation of newly formed reduced S-species (case 2). A non

steady-state situation may arise by turbidite deposition (case 3) or by variations in the 

upward methane fluxes (case 4). 

Table 3.2 Depth of the sulphate kinks and of zero sulphate, SO-rfllaes above (Jl ) and below (J:JJ 
the sulphate kinks, sedimentation rates (w), Corg contents and water depths of the following sites: 
Angola Basin (PI7, Pl9, P28, GeoB 1401), Iberia Abyssal Plain (12327-5, 12379-1), Indian 
Ocean (NIOP 470) and Benguela Current (GeoB 1023) 

Core z (m) 
{S04
kink) 

z (m) 
(S04=O) 

J 1 

{/Lmol 
em·2 yr· l) 

J 2 

{/Lmol 
em·2 yr· l ) 

J 2-J1 W 

(em 
kyr·l 

) 

Corg 

(wt.%) 
water 
depth 
(m) 

P17 3.69 8.25 0.993 7.31 6.32 12 3.39 4258 

P19 5.70 12.23 0.724 4.73 4.01 32 2.54 3137 

P28 5.50 19.36 1.06 1.89 0.83 - 1-5 1.14 5308 

12327-5 3.47 11.30 0.682 4.22 3.54 6-20 1.11 2037 

12379-1 3.03 13.05 0.450 3.26 2.81 6-20 2.69 2037 

NIOP 470 3.64 7.06 1.29 7.96 6.67 - 100 ? -2500 

GeaR 1401 9.48 14.72 0.051 5.98 5.93 6 1-3.5 3951 

GeaR 1023 3.80 7.51 0.187 8.88 8.69 115 2.9 1965 

1) bioturbation / bioirrigation 

Commonly, large differences in sulphate fluxes are explained by a transition 

from bioturbated to non-bioturbated sediment (e.g., GOLDHABER and KAPLAN, 

1980). Seawater sulphate is then pumped into the sediment by the activity of 
burrowing benthos. The activity of benthic organisms, however, usually is limited to 

the upper m of the sediment. Only in some instances burrows with an open link to the 
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seawater of over 2 m have been reported (WEAVER and SCHULTHEIS, 1983). 

However, the gradient changes in the sulphate profiles occur at depths greater than 3 

m in our and other cores and are even found at depths of about 25 m. Additionally, it 

is hard to explain S04-gradients above the gradient change by this process. The linear 

decrease with depth of the sulphate profiles suggest that such bioirrigation must be 

intense and depth-related. Furthermore, a borehole should be visible in the cores by 

the wetter material in the hole and by a reaction rim of Mn, Fe and Si-minerals 

around the hole. In our cores this was not the case, nor was anything extraordinary 

visible in the porosity profiles. In none of the other cores discussed, evidence for 

bioturbation or bioirrigation extending to the depth of the sulphate gradient changes 

has been reported. Consequently, it seems unlikely that this process may explain the 

observed upper gradient in the pore water sulphate profiles. 

2) sulphide oxidation 

If the oxidation of pore water sulphide or other reduced S-species is to explain 
the excess sulphate found at the kink, then the difference in sulphate fluxes above and 

below the gradient change ('excess sulphate') should at least be compensated by the 

sulphide flux from below to the gradient change. The sulphide flux arrives at a depth 

that is determined by the amount of Fe-oxides (chapt. 4). This flux, however, only 

accounts for 38 % ofthe excess sulphate in core P19, whereas for cores P17 and P28 

this fraction is even less. The sulphide fluxes may be underestimated because some 
sulphide may have escaped during the coring process and subsequent squeezing, or 

before it could be analysed. However, the diffusive fluxes of SO/ and HS' from and 

to the methane oxidation zone are coupled by the reaction CH4 + sot ~ HS' + 
HC03' + H20. Stoichiometrically, the following relationship must then be true: 

(-LlHS/LlS04) X(DHSlDs04)=O.5, assuming that HS' diffuses upwards and downwards 
in equal proportion from the methane oxidation zone (fig. 3.3). The HS/S04 ratio is 

defined and calculated in appendix 3.1. For both cores this ratio is 0.44, indicating 
that at most 12 % of the HS' may have been lost before analysis, assuming that no HS' 
is consumed by pyrite formation. Clearly, degassing of H2S before analysis cannot 

account for the excess sulphate. 
A second argument against sulphide oxidation is that its effect should be 

visible in 334S profiles of HS' and sot (fig. 3.2). Between the sediment/water 

interface and the sulphate kink the 334S of sulphate increases from +21 to +23 %0 

and from +25 to +28 %0 in cores P17 and P19, respectively. The sulphide that is 
transported from below has a 6345 value of about -20 %0 at the depth of the sulphatt: 
kinks, taking into account that the upper two sulphide 334S values in core P17 are 
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considered less reliable because of very HS· concentrations «0.2 mM). Oxidation of 

the relatively light HS· to sot with the same isotopic composition would lead 

considerably lower 634S values of sot, in particular near the sulphate kink. This is 

clearly not the case (fig. 3.2), implying that sulphide oxidation cannot be of 

quantitative importance to the sulphate profile, i.e., cannot explain the kink in the 

sulphate profile. 

3) a non-steady-state situation caused by turbidites or erosion 

Turbiditic intervals are common in continental slope sediments. Such extreme 

sedimentation changes may lead to non-steady-state conditions and potentially to 

gradient changes in the sulphate profiles. However, Schulz et al. (1994) found no 

indications for turbidites in the upper parts of their cores GeoB 1023 and 1401, which 

both display clear sulphate gradient changes. Likewise, in the upper 6 m of our cores 

there are no indications for turbidites. In addition, the TilAl or ZrlAl ratios show no 

variations that may indicate turbiditic intervals (chapt. 5). Furthermore, comparison 
of the C and 613C statigraphy in cores P17 and P19 with several cores in the org org 

Angola Basin region (MULLER et aI., 1994; GINGELE and DAHMKE, 1994; 

HAESE et aI., 1997) shows a good agreement for the upper 8 m in core P17 and the 

upper 11 m in core P19 (chapt. 5). Correspondingly, these intervals represent about 

34 to 65 kyr of pelagic sedimentation, which is thought to be long enough for steady

state conditions to be established. 

4) a non-steady-state situation caused by variation in CH1-fluxes from below 

A sudden change of the methane flux from below may cause a non-steady-state 
situation. The sulphate profiles consequently show higher fluxes below than above the 

sulphate kink, implying that the methane flux must have increased some time ago (fig. 

3.4). From this time onward, the depth at which methane oxidation occurs shifts 

upward until the methane flux is balanced by the sulphate flux. The lower sulphate 

gradient will increase because of the smaller diffusion path. Accordingly, the kinked 

sulphate profiles may represent an intermediate stage, while adjusting to the new 

situation. 

Tentatively, the occurrence and subsequent instability of methane hydrates may 

cause sudden increases in methane fluxes. The stability of methane hydrates depends 

on pressure, temperature and methane concentration (e.g., KVENVOLDEN, 1996). 

The pressure is mainly determined by water depth and fluctuates along with 
glacial/interglacial changes in sea level. Sharp sea level falls occurred between oxygen 
isotope stages 3.1 and 2.2 (25.4-17.9 kyr B.P.), between 5.1 and 4.24 (79.3-70.8 kyr 
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Figure 3.5 A model describing the occurrence of sulphate kinks by variations in methane fluxes 
from below, due to the instability ofmethane hydrates. A) CH4 and sol profiles of the situation 
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B.P.), and between 5.5 and 5.4 (124-99.4 kyr B.P.) (MARTINSON et aI., 1987). 

The most recent sea level fall was estimated to be 25 m, based on the estimation of 

the subsequent sea level rise of 121 m (FAIRBANKS, 1989) (fig. 3.5). 

In our model this most recent sea level fall, starting at to, resulted in 

destabilisation of the upper layer of a methane hydrate barrier at t1 (fig. 3.5). At to, 
the anoxic methane oxidation zone (AMO) was situated deeper than at present (t6) 

because of the relatively low CH4-flux at to. This depth was estimated by extrapolating 

the present upper S04-flux (1\; Table 3.2), assuming that this flux is determined by 

the CH4-flux at to. The methane released at t1 migrates upwards, reaching the old 

AMO at ~. As a result of the imbalance between methane and sulphate fluxes, the 

AMO moves upwards (t3-t5) until the present situation is reached at t6 . During this 

transient state sulphate kinks develop. In a future situation these kinks may disappear 

again and a new steady state is reached (t7). The released CH4-pulse may first be 

transported though cracks and later by diffusion. 

A boundary condition for the model is found by estimating the time necessary 

for the methane to diffuse from the depth of the AMO at t2 to the depth of the AMO 

at t6 by assuming the following relationship: 

x = 2 .jl5i (3.4) 

where x is the diffusion length, D is the diffusion coefficient of methane and t 

represents time. The methane diffusion coefficient for <1>=0.8 and T=2 °C is 176 cm 

yr-]. For t = 25.4 kyr (to) a diffusion length of 42 m is found, representing the 

maximum distance the methane pulse has travelled by diffusion. For our cores and the 

other locations used in figure 3.4, the depth of of the AMO at to was estimated from 

J l' The difference between the depth of the old and the new AMO was calculated to 

lie between 15 and 41 m, with the exception of cores H-12379 (65 m), GeoB 1023 

(180 m), and GeoB 1401 (620 m). For cores P17, P19, P28, H-12327, and NIOP 470 

the boundary condition is fulfilled. However, the difference between to and t2 has to 

be relatively small. If the model is applied to the two older sea level falls, to-~ may be 

larger and the gas hydrates may be situated at greater depth. The observation that 
sulphate kinks in cores GeoB 1023 and 1401 and H-12379 cannot be described by this 

model may originate from the assumption that J1 is solely determined by the old 

sulphate-flux and does not change in time. This implies that other influences on the 

sulphate flux from the sediment/water interface to the sulphate kink and the existence 

of these kinks cannot be excluded. 
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In conclusion, the best scenario presently available to explain the occurrence of 

kinks in sulphate profiles is non-steady state variations in the methane flux from 

below. Refinement of the non-steady state CH4-model, leading to better defined 

boundary conditions, may improve its applicability to other locations. Although the 

present data exclude the possibility that sulphide oxidation is quantitatively important 

for the occurrence of sulphate kinks, more detailed research on the complex Fe-S 

chemistry in these sediments, including determination of the 034S of pyrite, AVS, and 

So, the determination of intermediate S-species, and the detection of dissolved 'Fe3 +' 

species may provide new insights. 

CONCLUSIONS 

Anoxic methane oxidation is the dominant sulphate-reducing process occurring 
in a narrow zone in Angola Basin sediments. During the reduction of pore water 
sulphate to sulphide a fractionation of 40-45 %0 in 034S occurs, indicating a 

microbially mediated process. 

The methane fluxes, determined from the sulphate fluxes to the zone of anoxic 
methane oxidation are 7.31 X 10-6 

, 4.73 X 10-6 
, and 1.89 x 10-6 mol cm-2 yr- 1 for 

locations P17, P19 and P28, respectively. These fluxes cannot be solely explained by 
microbial OM decomposition by methanogens. Alternative possible methane sources 

are thermal production of methane or methane derived from instable gas hydrates. 
Our data and data assembled from the Iberia Abyssal Plain, the Indian Ocean, 

the Northern Benguela upwelling region and the Congo Fan show gradient changes in 

the sulphate profiles between 3 and 10 m depth. The sulphate gradients above and 

below the kink show no relationship with sedimentation rates, Corg contents, and water 
depths of the various sediments. 

Processes to explain the sulphate kinks like bioturbation/bioirrigation or a non

steady state situation caused by turbidites or erosion seem unlikely. Additionally, it 
was shown that sulphide oxidation to sulphate cannot be of quantitative importance for 

the occurrence of kinks. The best scenario available at present is a non-steady state 

respons to variations in the methane flux from below. Refinement of the model 

describing this process, leading to better defined boundary conditions, may improve 

its applicability to other locations. 
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APPENDIX 3.1: calculation of HCOJS04 and HS/S04ratios 

The CIS ratio is defined as: CIS = (-L\ [HC03-] I L\[SO/D x D/Ds, where D
 

represents the diffusion coefficient. The diffusion coefficients are corrected for
 

temperature, porosity and sediment tortuosity, which gives:
 

D(2°C) (cm2yrl 
) P17 P19 P28 

sot 148 150 144 

HC03  160 162 156 

HS 281 284 273 

The HS/S04 ratio is defined as: HS/S04 = (-L\ [HS-] I L\[SO/D x DhslDs' The 

concentration gradients are taken from the linear fits in figure 3.3, and used to 

calculate the ratios: 

gradients P17 P19 P28 ratios P17 P19 P28 

-L\[HC03Y 
L\[SOtl 

1.08 0.91 1.25 CIS 1.17 0.98 1.35 

-L\[HS-]IL\[SO/-] 0.23 0.23 HS/S04 0.44 0.44 
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CHAPTER 4: 

FE AND MN CHEMISTRY AND THE FORMATION OF 

AUTHIGENIC MINERALS IN SEDIMENTS OF THE ANGOLA 

BASIN 

ABSTRACT 

Two cores recovered in the Angola Basin area near the mouth of the river 

Congo were examined for their Fe and Mn chemistry. Relative amounts of solid phase 

Fe- and Mn-minerals were estimated using a sequential extraction scheme. 

Additionally, pore water data of Fe and Mn, and &34S values of pore water SO/-, HS-, 

and of pyrite were used to investigate suboxic diagenesis, pyritisation and authigenesis 

of Fe and Mn-minerals. Sequential extraction of standard minerals showed that the 

extraction of most Fe- and Mn-oxides, carbonates (in low-calcite samples) and pyrite 

is well defined. In the upper parts of the cores Fe- and Mn-oxides are reduced through 

organic matter (OM) oxidation, leading to the formation of redox fronts. Pyrite 

formation is the most important Fe-involved diagenetic process in the sediments 

discussed. The bulk of the pyrite in the upper parts of the sediments had been formed 

in the past, in an open system at one location and in a closed system at another. 

Present day pyritisation occurs in a closed system at much lower rates. Fe-oxides are 

reduced by HS- and precipitate as FeS. Low values of AVS compared to pyrite 

indicate an efficient transformation of FeS to FeSz. Pyritisation occurs in three zones. 

In the upper and lower reaction zones pyrite formation is limited by the supply of HS

into these zones. In contrast, pyrite formation is Fe-limited in the HS--containing 

interval between these zones. In the lower reaction zone reactive Fe may be present in 

the form of oxides, preserved by turbidites, or in the form of Fe-smectite. The 

observed relationships between HN03-extractable Mn with pyrite Fe and between the 
degree of pyritisation (DOP) and the degree of trace metal pyritisation of Mn (DTMP

Mn) indicate that Mn probably coprecipitates with pyrite, even at low DOP values, in 

a constant proportion to Fe. At the top of core Pl9 there are indications for the 

precipitation of an authigenic Fe-containing aluminosilicate. At the bottom of both 
cores sequential extraction results indicate authigenic carbonate formation. These 

carbonates contain Ca, Mg, Fe and Mn, that may represent mineral phases like 
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ankerite, siderite and dolomite. 

INTRODUCTION 

Reactions involving Fe and Mn play an important role in the early diagenesis 

of marine sediments (e.g., SUESS; 1978; BERNER, 1984; PRUYSERS et al., 1993; 

HAESE et al., 1997). Both elements are involved in the suboxic oxidation of organic 

matter (OM), pyritisation, and authigenesis of carbonates, phosphates and silicates. 

Pore water profiles and mineral assemblages of Fe and Mn are, therefore, sensitive 

indicators of early diagenetic processes and sedimentary environments. 

The Angola Basin, target area of this study, is in many ways an interesting 

playground to study the Fe- and Mn-chemistry. The drainage area of the Congo river 

is one of the most prominent sources of sediment in the eastern South Atlantic, 

providing relatively large amounts of Fe- and Mn-oxides, and of Fe-rich smectites 
into the slope and abyssal plain sediments. In general, these sediments have high 

concentrations of OM, mostly over two weight percent (wt. %) in the Congo Fan, but 

still containing about 1 wt % in sediments recovered from water depths of over 5000 

m. Sediments from the Congo Fan are mostly anoxic, and have high degrees of 

pyritisation (HAESE et al., 1997). In contrast to most areas where pyritisation has 

been studied, the dominant sulphate-reducing process in sediments of this study is 

through anoxic methane oxidation (SCHULZ et al., 1994; chapt.3). It is thought to 

take place in a relatively limited depth interval, well below the suboxic zone. The 

theoretical aspects of such a situation, where sources of iron and hydrogen sulphide 

are separated, have been described by Berner (1969). Downward sulphidisation below 

sapropels in intermittently oxic/anoxic eastern Mediterranean sediments (PASSIER et 

al., 1996), however, is one of the few examples where this kind of pyritisation in 

practise has been reported. In addition, various authigenic Fe- and Mn- minerals like 

rhodochrosite, siderite, ankerite, and zeolites have been found in sediments from the 

Angola Basin (VAN DER GAAST and JANSEN, 1984; GINGELE, 1992; HAESE et 

al., 1997). 

To estimate the relative amounts of solid phase Fe- and Mn minerals a 

sequential extraction scheme (KOSTKA and LUTHER, 1994) has been performed. 

Additionally, pore water data of Fe and Mn are used to investigate suboxic diagenesis, 

pyritisation and authigenesis of Fe and Mn minerals. 
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MATERIAL AND METHODS 
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Piston cores P17 and P19 were recovered at water depths of 4258 and 3137 m 

depth, respectively, and squeezed for pore-water during the 1989 Angola Basin Cruise 
with the RV Tyro in the eastern South Atlantic (fig. 4.1). 

The shipboard routine has been described in detail elsewhere (DE LANGE, 

1992) and will be summarised briefly here. Pore water extraction was started within 

12 h of core collection and took place at in situ temperature (2°C). Samples for pore

water extraction were taken after a 1 mm surface layer of sediment had been removed 

in order to prevent the inclusion of any oxidised or contaminated material. Pressure 
filtration using filters with poresize of 0.2 porn under a nitrogen atmosphere (02 < 
0.003 %) was used to extract the samples. 
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Hydrogen sulphide was measured on board ship with a Technicon TRAACS 

800 autoanalyser using an automated method (STRICKLAND and PARSONS, 1968). 

Inductively Coupled Plasma Spectrometry (ICP-AES, ARL 34000) was used to 

measure dissolved Fe and Mn. 

Acid volatile sulphur (AVS) contents were determined by a polarographic 

technique (EG&G Princeton Applied Research, Model 384B Polarographic Analyzer). 

The samples for this method were taken from squeezed samples, that were stored 

under nitrogen in air tight jars. The AVS was converted to HS· by acidification and 

subsequent H2S trapping in NaOH. The HS· was measured by polarography at a 

potential of -0.68 V. The results were checked by comparison with a Na2S standard 

with the same matrix as the samples ( 1.0 M NaOH, previously purged with nitrogen) 
(HENNEKE et aI., 1991). 

Subsamples for S-isotopes of pore water sulphate and sulphide were prepared 

on board ship, immediately after squeezing in a N2-filled glove bag. AIM ZnA~

and a 0.5 M Na2C03-solution (two times 100 JLI for P17; two times 200 JLI for P19) 
were added to 5 ml pore water in septum-closed pyrex flasks, which were stored at 2 
DC. The pore water HS· precipitated as ZnS by this addition. In the laboratory, these 

samples were filtered and flushed with de-ionised water (pH 8). The residue, 

containing the ZnS was dried at 40°C. A BaCl2-solution was added to the filtrate to 

precipitate the sulphate as barite. This was filtered again and the residue containing 
the barite was dried at 40 DC. The ZnS and BaS04 precipitates were measured for 

their stable sulphur isotope composition e4S/32S) relative to the Vienna-Canyon 

Diabolo Troilite (V-CDT) by means of combustion isotope ratio monitoring mass 
spectrometry (C-irmMS; BOTTCHER et aI., submitted). For pyrite isotope analysis 
H2S, evolved during Cr(I1) reduction, was trapped in a Cd-acetate solution as CdS; 

AgN03 was added, and Ag2S was precipitated. The precipitate was washed in 

demineralised water, separated from the solution by centrifugation and dried. Ag2S 

precipitates were analysed for their stable S isotope composition in the same manner 
as the ZnS and BaS04 precipitates. 

For the sequential extraction (Table 4.1), samples were taken from squeezed 

samples, that were stored under nitrogen in airtight jars. A subsample was taken and 

homogenised in a glovebag under nitrogen, and then subdivided in two samples. One 

sample was put in a reaction tube, the second was dried to determine the water content 
and to perform a total extraction. For steps 1-4, the reactants were prepared with de

aerated de-ionised water and were added to the samples in a glovebag. After each 
extraction, the samples were centrifuged for 15 minutes and decanted (for steps 1-4 in 
a glovebag). Subsequently, this procedure was repeated three times with 20 ml de
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Table 4.1 The sequential extraction scheme after Kostka and Luther (1994) with adjustments. The 
extracted phases are based on our extraction results 

Extraction step reagent V t extracted phases (*) 

1) 1 M MgCl2-solution 
(pH =8) 

20ml 18 h pore water constituents, sorbed ions 

2) 2 M NH4CI-solution 2000 18 h calcite 

3) ascorbate (pH=8) 20 ml 18 h amorphous Mn-oxides, amorphous 
Fe-oxides, Mn in silicates 

4) 1 M HCI 20ml 1 h dolomite, Mn-carbonates, Fe-
carbonates 

5) dithionite (pH=4.8) 2000 4h crystalline Mn-oxides, crystalline 
Fe-oxides, Fe-carbonates, Fe
smectites, Fe in aluminosilicates 

6) 1:1 HF 20 ml 18 h aluminosilicates, magnetite, 
ilmenite 

7) concentrated HN03 20ml 18 h pyrite 

8) HF/HCI04/H2S04 20ml 18 h rest fraction 

* These phases are operationally defined. By no means it is claimed that any of 
the steps extracts all and only these phases 

ionised de-aerated water before the next reactant was added, in order to flush the 

samples. 
For ascorbate extractions, the method of FERDELMAN (1988) was used: 10 g 

of sodium citrate and 10 g of sodium bicarbonate were added to 200 ml of de-ionised 
water. This mixture was de-aerated with nitrogen, and then 4 g of ascorbic acid was 
added (for a final pH of 8). For dithionite extractions, 1 g of sodium dithionite was 

added to 20 ml of 0.35 M acetate I 0.2 M sodium citrate (pH = 4.8) in the reaction 
tubes (LORD, 1980; CANFIELD, 1988). 

The extracts, together with the flushes, were filtered immediately to avoid 

further extraction from fine particles by HCI, and were made up to 100 ml, after 

which they were diluted tenfold in aIM HCl-matrix. Subsequently they were 
analyzed by inductively coupled plasma spectroscopy (ICP-AES, Perkin Elmer 
OPTIMA 3000). 
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Standard minerals were purchased from Ward's Scientific. These minerals are 

ilmenite, illite, pyrolusite, manganite, nontronite, pyrite, calcite, haematite, goethite, 

siderite, rhodochrosite, dolomite, magnetite, and a Mn-nodule from the Madeira 

abyssal plain. The minerals were pulverised and ground with a mortar and pestle. 

Subsequently, they were extracted following the same procedure as for the samples, in 

order to get a better definition for the recovery of these minerals by the extraction 

steps. 

The precision of the extraction method was monitored by including four 

duplicates of samples. The samples were split at the beginning of the extraction before 

drying, and will therefore give information about inhomogeneities of the samples and 

the extraction itself. For the total extraction four duplicates were taken after drying 

and grinding of the samples. The latter duplicates will give information about the 

precision of the total extraction 
Table 4.2 Average errors determined from 4 and ICP analyses (Table 4.2). The 
duplicates ofFe and Mn in the extractionsteps overall precision of the method 
and of1 duplicate in the total extraction. Fe 

and the occurrence ofin steps 1, 2, and 8 was below detection 
(b.d.). Mn concentration and errors in step 1 inhomogeneities is estimated by 
were dominated by the Mg-matrix effect and comparing the sum of the 
were therefore not mentioned. Mn in step 8 

extraction steps (excluding Mn in was too low to give a sensible error estimate 
the MgCI2-step, which has large 

errors due to matrix effects) to the 
STEP Fe Mn total extraction (fig. 4.2). With 

the exception of a sample at a 
I (MgCI2) b.d. depth of 8 m in core PI7 
2 (NH4CI) b.d. 10% (probably an extra pyrite grain) 
3 (Asc.) 7.8 % 10% and one at 0.4 m in core PI7 
4 (HCl) 11% 5.2 % (probably some extra Mn-oxide), 
5 (Dit.) 11% 6.0 % due to inhomogeneities, the 
6 (HF) 3.0 % 1.5 % profiles compare fairly well, 
7 (HN03) 6.5 % 3.0 % keeping in mind the semi
8 (rest) b.d. quantitative and operationally 

defined nature of sequential 
TOTAL 1.0 % 0.3 % extractions in general. 
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Figure 4.2 Comparison of the sum of the extraction steps (the recovery) and the total extraction 
ofFe and Mn in Pi7 and Pi9 

RESULTS 

Pore water 

In order to check if any coretop loss occurred during recovery of the 

pistoncores, core descriptions and profiles of dissolved Fe, Mn, Si and P of the 

boxcores were compared to those of the pistoncores. This comparison indicated that 

22 cm of the top of piston core Pl9 must have been lost, while no indication of 
eoretop loss was found in P17. Accordingly, 22 cm was added to the depths of Pl9 in 
figure 4.3b, where BC results were combined with PC results. 

At location 17, Mn appeared in solution at a depth of about 10 em (fig. 4.3a). 
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Subsequently, its concentration rose to 17 p,M at 85 cm and decreased again to 8 p,M 

at 1,13 m. Mn remained at this level down to 3.69 m and then decreased 

exponentially to a minimum at 8.25 m. Further downcore Mn concentrations rose 

slowly again (fig. 4.3c). While Fe at location 17 showed some scatter in the 0-10 p,M 

range, it seemed to appear in solution at about 15 cm (fig. 4.3a). Subsequently, it rose 

to a maximum of 22 p,M at 28 cm, after which it decreased to zero at 1,71 m. Fe 

reappeared in solution at 12.75 m, below which it dramatically rose to a maximum of 

157 p,M at 15.40 m (fig. 4.3c). 
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Figure 4.3 Pore water profiles ofFe and Mn in B17 and B19 (A), in the upper parts ofP17 and 
PI9 (B), and pore water profiles ofFe, Mn, and HS in PI7 and PI9 (C). The two squares around 
the samples in the HS profile ofcore PI7 correspond to the upper two &4S (HS) measurements in 
figure 4.11 
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At location 19, Mn and Fe profiles in the upper 2.5 m were remarkably 

similar (fig. 4.3b). Mn and Fe both appeared in solution between 2 and 4 em, 

although Fe seemed to appear a bit deeper than Mn (fig. 4.3a). Both ions reached a 

maximum of 62 Jl-M between 10.5 and 23.5 em, below which they decreased 

exponentially to zero at a depth of 2.29 m. Below this depth Fe remained at low 

concentrations, although probably some contamination-related spikes occurred in the 

0-10 Jl-M range. Mn concentrations, however. increased again below 2.29 m, and 

reached a maximum of 5.7 Jl-M at 5.1 m. Subsequently, they decreased exponentially 

to values below 0.5 Jl-M at 12.5 m (fig. 4.3c). 

In core P17, HS- appeared in solution at 1.9 m and increased to a maximum of 

6 mM at 8.1 m. Subsequently, it decreased again to zero at a depth of about 12 m. In 

core P19, pore water HS' was first present at 1.3 m and its concentration increased to 

10 mM at 12.2 m. Subsequently it decreased to zero at 22 m depth (fig. 4.3c). 

AVS 

Low levels of AVS ( < 5 ppm) were measured throughout both cores, showing 

no consistent trend. These AVS concentrations were about four orders of magnitude 

lower then pyrite-S concentrations. As the AVS values were close to the detection 

limits of the polarograph, they are not shown here. 

Sequential extractions on standards 

On the basis of the results of the standard minerals, an operational definition of 

the performance of the sequential extractions has been derived (Table 4.1). In general, 

the extraction of oxides (step 3 and 5), carbonates other than calcite (step 4) and 
pyrite (step 7) were well defined (fig. 4.4). Exceptions were siderite, which was not 

only leached in step 4 but also in steps 5 and 6, and the oxides magnetite and ilmenite 

which were mainly extracted in step 6. For these minerals the reaction time of the 

extraction was too low and the sample/liquid ratio too high to breakdown their crystal 

structure completely in step 4 (siderite) or in step 5 (magnetite and ilmenite). 

Additionally, the pH of the extraction fluid may have affected the reaction time. The 

Fe-oxides goethite and haematite were almost exclusively leached in step 5, while the 

Mn-oxides manganite and pyrolusite were leached in step 3 (65%) and step 5 (35%). 

Extraction results of the Mn-nodule in steps 3 and 5 was probably also Fe and Mn
oxide-related. The division in amorphous (step 3) and crystalline oxides (step 5) was 

purely operational as a single oxide phase may be extracted in both steps. Again, apart 
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Figure 4.4 Sequential extraction of standard minerals; the steps are plotted against 
the percentage of the total recovery per element. Below the standard minerals the 
sample/liquid ratio is mentioned (in mg standard/ ml extractant) 
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Figure 4.5 Solid phase Fe and Mn speciation ofextraction steps 2-8 in PI 7 and P19 

from their crystallinity, the sample/liquid ratio and reaction time determined the 

extraction of oxides in each step. 

The Fe in nontronite (an Fe-rich smectite) was almost exclusively leached in 

step 5, while traces of Al and Mn were extracted in steps 3 and 5 (fig. 4.4). 

Potassium, and especially Al of illite were extracted in step 6, while Fe was extracted 
in steps 3,5, and 6. Probably, the standard contained some Fe-oxides. However, 
some overlap in steps 3 and 5 of Fe-containing silicates with oxides may occur. When 
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Figure 4.6 Ascorbate-extractable Fe and Mn vs. depth in core PI7 and ascorbate-extractable Fe, 
Mn and Ca vs. depth in core PI9 

the sequential extraction is performed on samples, careful inspection of Fe, AI, K, 
and Na contents in these steps may help to distinguish between Fe derived from 

oxides or silicates. 

Theoretically, calcite should have been leached in step 2, but in practice was 

leached up into step 4, probably because of the high CaC03/liquid ratio during 

extraction of the standard leading to incomplete dissolution in step 2 (fig. 4.4, DE 
LANGE, 1992). This will cause no problems in our samples because calcite contents 

were mostly lower than 1 wt. %; i.e., low enough to be completely leached in step 2. 

Sequential extraction on samples 

An abrupt porosity decrease from 0.83 above to 0.70 at 9.6 m in core Pl7 
pointed to a possible hiatus. Accordingly, the solid phase Fe and Mn-chemistry 
changed across this depth level. In particular, changes in HCl-extractable and in 

HN03-extractable Fe and Mn across this depth were remarkable (fig. 4.5). 

Fe was below detection in the MgCl2 and NH4Cl-steps. The analysis of Mn in 

the MgCl2-step was influenced by matrix effects of the solution, and were omitted. 

Less than 30 ppm Mn was extracted by NH4Cl, i.e., along with calcite, which 

concorded with the low calcite concentrations in these sediments, generally below 1 

wt% calcite. Low CaC03 contents in Congo Fan sediments have been attributed to 
dilution with terrigenous material and dissolution near the sediment/water interface 

(ZACHARIASSE et aI., 1984; JANSEN et aI., 1984). Only in the top 2 m of core 
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Figure 4.7 HCI-extractable Fe, Mn, Ca, Sr, Mg and P vs. depth in cores P17 and PI9; Fe, Mn, 
Mg, and P are AI-normalised; the shaded areas are possible authigenic enrichments 

P17 higher contents of up to 23 wt% CaC03 were found. 

Ascorbate-extractable Fe and Mn showed various spikes throughout both cores 

(fig. 4.6). In this extraction step Ca showed enrichments at the top of core PI7 and in 

the lower part of core P19. 

Apart from Fe and Mn, relatively large amounts of Na, AI, Mg and K were 

extracted in the HCI-step. Na, AI, and K correlated fairly well in large intervals of 
both cores and were present in the molar Na/Al/K ratio of about 25: 10: 1. This may 
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Figure 4.8 Dithionite-extractable Fe, Mn and Al in cores P17 and P19. Below 14 m in core P19 
parallel enrichments ofSr, Mg, V and Ca are shown 

point to the presence of a Na-rich zeolite, which may also contain Fe, Mn, and P. 

Therefore the HCl-extractable Fe, Mn, P, and Mg were normalised to Al (fig. 4.7). 

High Ca and Sr concentrations at the top of core P17 represented calcite, which was 

incompletely leached in the previous steps. In the lower part of core P17 HCI

extractable Fe and Mn increased, roughly in the same manner as Ca, Mg, Sr and P. 
Fe and Mn-spikes in the lower part of core P19 also concurred with Ca, Sr, Mg, and 
P-spikes (fig. 4.7). 
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Figure 4.9 HF-extractable Al, Fe, Na, K and the molar Fe/Al ratio vs. depth in PI7 and P19 

In the dithionite step almost no K and Mg were extracted, indicating that the 

Al extracted in this step did not derive from an Fe-smectite like nontronite or from a 
zeolite. It may have originated from kaolinite or an Ai-oxide like gibbsite, which are 

both common minerals in Angola Basin sediments (VAN DER GAAST and JANSEN, 
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1984), or from a mixed (Fe,AI)-oxide (fig. 4.8). Spikes of dithionite-extractable Fe, 

Mn and Al were found at the top of core Pl? Subsequently, their concentrations 

decreased exponentially down to 4.85 m, after which they remained constant. In core 

P19 dithionite-extractable Fe and Al also decreased to a depth of 6.10 m, while the 

decrease in Mn was less evident (fig. 4.8). The decreases seemed to be interrupted by 

a dip around 3 m. Below 6.10 m variations in Fe, Mn and Al became low, except for 

Mn-spikes at the bottom of this core. These spikes concurred with spikes in Ca, Mg, 

Sr, and V, while Fe seemed to deviate (fig. 4.8). 

The main elements extracted by HF were AI, Fe, Na, and K (fig. 4.9). These 

elements showed a good correlation in core PI?, whereas this was less evident in core 

PI9. In the upper 4 m of core PI? HF-extractable Fe/AI decreased roughly in the 

same manner as dithionite-extractable Fe (fig. 4.8 and 9). 
The extraction of pyrite in the HN03-step was evident from the excellent 

correlation of Fe and S, with a molar Fe/S ratio of 0.5 (fig. 4.10). Pyrite was present 

throughout the cores. A relationship between Mn, Fe, and S was evident, although the 
correlation was poor. Generally, the Mn-maxima were more pronounced than those of 
Fe and the correlation was less in the lower parts of the cores (fig. 4.10). After the 

HN03-step, no Fe and little Mn ( < 10 ppm) was extracted. 

S-isotopes 

The /)34S of sulphate increased with depth from +21 to +60 %0 in core PI? 

and from +25 to +40 %0 in core PI9 (fig. 4.11). The 634S of pore water sulphide 
also increased with depth and became constant below the anoxic methane oxidation 

zone at about +20 %0 in both cores. In core PI?, pyrite 634S values increased with 
depth from -25 to 0 %0, whereas in core PI9 these values remained constant at -48 to 

-44 %0. 

DISCUSSION 

Suboxic diagenesis 

(Sub)oxic remineralisation of OM in recent marine sediments occurs by the 

subsequent utilisation of 02' N03', Mn-oxides and Fe-oxides: 

O2 + CHp HC0
3

- + H+ (4.1) 

4 N03- + 5 CHp 2 N2 + 5 HC03- + H+ + 2 Hp (4.2) 
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2 Mn02 + CH20 + 3 H+ 2 Mn2+ + 2 Hp + HC03 (4.3) 

2 Fe20 3 + CH20 + 7 H+ 4 Fe2+ + HC03- + 4 H20 (4.4) 

In these equations CH20 is used as a simple fonnula for OM. Mn2+ and Fe2+ appear 

in solution at 2-4 cm in core 19 and at 10-15 cm in core Pl7 indicating that diagenetic 

reduction of Mn- and Fe-oxides occurs by microbially mediated OM oxidation (fig. 

4.3). At these depths O2 and N03- are thought to be exhausted. The only data of these 

oxidants that are available are those of N03- for box core B19, confinning the 

depletion of N03- at 4 cm depth. The fast succession of redox zones indicate a high 

initial reactivity of OM in both cores, whereas the Mn(IV)/Mn(II) and Fe(III)/Fe(II) 

redox transitions being more shallow in core Pl9 than in core Pl7 indicate a higher 

initial OM reactivity in the fonner. At these Mn(IV)/Mn(II) and the Fe(III)/Fe(II) 

redox transitions a layer enriched in Mn and Fe oxides is expected because Mn2+ and 

Fe2+ diffusing from below to this front are precipitated as oxides here: 

2 Mn2 + + O2 + 2H20 2 Mn02 + 4 H+ (4.5) 

2 Fe2+ + O2 + 2 H20 2 FeOOH + 2 H+ (4.6) 
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Figure 4.11 OJ4S values ofFeS2 and pore water HS and sol in both cores. Horizontal lines are 
drawn at the depths ofthe sulphate kinks and the anoxic methane oxidation zone (AMO). 
Stratigraphic columns are shown for each core including oxygen isotope stages (O.l.S.); the 
shaded areas represent turbidite sequences. The squares around the upper two 1f4s (HS) 
measurements in core PI7 denote their questionable reliability 
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In these equations, oxygen is represented as oxidant for Mn2+ and Fe2+, although 

oxidation of Fe2+ by Mn02 ( or N03- ) is also possible (THOMSON et al., 1989): 

2 FeOOH + Mn2+ + 2 H+ (4.7) 

According to equations 5-7, enrichments of ascorbate-extractable Mn and dithionite

extractable Mn and Fe are found at 30 cm in core P17 (fig. 4.12). Although 

concentrations of Mn- and Fe-oxides are highest at the top of core P19, the maximum 

enrichments were probably present in the top 22 cm of the core, which were lost 

during recovery. At the top of the cores, concentrations of ascorbate-extractable Mn 

and Fe are low compared to dithionite-extractable Mn and Fe. Although this 

difference may be primary, it is more likely that the more easily reducible amorphous 

Mn and Fe-oxides have been reduced rapidly to low concentrations (fig. 4.12). 

Subsequently, the more crystalline oxides may be reduced. Fluxes of Fe2+ and Mn2+ 

are directed upwards in a limited depth interval, namely above 24 cm in core P19 and 

above 85 em (Mn) in core P17. Below these depths no net diffusional transport of 

Mn2+ or Fe2 + towards the oxic sediment interval occurs (fig. 4.11). OM 

remineralisation using Mn and Fe-oxides may continue below these depths, however, 

other reactions must control the Fe and Mn pore water chemistry here. 

Anoxic diagenesis 

The presence of pyrite almost throughout both cores and the appearance of 

pore water HS' at 1.31 m in core P19 and at 1.96 m in core P17, indicate that anoxic 

conditions prevail in the major part of these cores (fig. 4.12). Sulphate reduction and 

HS- production mainly occur by anoxic methane oxidation in a narrow depth interval 

at 12.2 and 8.3 m in core P19 and P17, respectively (chapt. 3): 

(4.8) 

The typical bell-shaped HS'-profiles indicate that HS' is transported by diffusion from 

this production zone towards an upper and lower reaction zone, where it may react 

with Fe-oxides (or Fe-silicates) to form Fe-sulphides: 

Fep3 + HS' + 5 H+ sa + 2 Fe2+ + 3HP (4.9a) 
2 Fe2+ + 2 HS- 2 FeS + 2H+ (4.9b) 

2 FeS + Sa + 3 Hp (4.9) 
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Figure 4.12 Compilation diagram ofpore water S04 (_), NH4 (0), Fe (Ofor BI9; -for P17 
and PI9), and HS (~) in the upper 6 m of P17 and the upper 8 m ofPI9. The solidfat line 
through the HS-data represents a smoothed curve using a moving average of5. The horizontal 
line in the SO,diagrams represents the depth of the sulphate kink. Also shown are profiles of 
ascorbate, dithionite, and HN03-extractable Fe and Mn (hatched areas; see legend), and molar 
Fe/Mn ratios in the HN03 and dithionite steps in the upper 6 m ofPI7 and the upper 8 m of PI9 
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FeS may react further to FeS2 (BERNER, 1984; RICKARD, 1996): 

(4.10) 

(4.11) 

The observation that AVS concentrations are low compared to pyrite concentrations is 

in agreement with Haese et al. (1997) and may indicate that reactions 10/11 occur 

relatively fast. The slightly inward curvature of the HS--profiles, more prominent in 

core P19 than in P17, indicates that some HS- is removed from solution while 

diffusing, but diffusion is the dominant process (fig. 4.3). According to the dissolved 

sulphide and iron profiles pyritisation occurs in three zones (fig. 4.3): 

CD In the upper Fe-dominated reaction zone, Fe2+ concentrations decrease 
exponentially to zero. Upward accumulation of Fe2+ is allowed by low levels 

of HS-. Consequently, the precipitation of FeS (reaction 9b) is limited by the 

amount of HS- transported into this zone. 

@ In the S-dominated zone Fe2 
+ concentrations are zero, which may indicate that 

the production of Fe2 + by reaction 9a limits pyritisation in this case. 

@ In the lower Fe-dominated reaction zone, which is only recovered in core P17 , 

Fe2+ concentrations rise again at low HS--concentrations. Pyritisation probably 

only occurs at the top of this zone and is limited by the supply of HS- into this 

zone. 
In core P17, the Fe and S-dominated zones are separated by transition zones, where 

the Fe2 + concentration is below the detection limit and the HS- concentration is < 30 

ILM (fig. 4.3). In core PI9, however, the Fe and S-dominated zones connect. The 
very low Fe2+ and HS- concentrations in a transition zone may represent a situation 

where reactions 9a and 9b have similar rates. The thickness of such a zone may thus 

be related to the availability of Fe-oxides, controlling the rate of reaction 9a. The 

relatively high and constant Mn2+ concentrations in the upper transition zone of core 
P17 may indicate that reaction 7 also plays a role in maintaining the balance between 

reactions 9a and 9b in this zone (fig. 4.3). 

The most reactive amorphous Fe-(oxy)hydroxides are probably all reduced in 

the suboxic zone before they encounter HS-. In the upper Fe-dominated pyritisation 

zone and at the top of the S-dominated zone, the more crystalline Fe-oxides like 

goethite and haematite are reduced until their concentration becomes low and constant 

below 4.85 m and 6.10 m in core P17 and P19, respectively (fig. 4.12). The 
exponential decrease in dithionite-extractable Fe is accumpanied by a decrease in Mn 
in the same fraction, indicating reduction of crystalline Mn-oxides over the same 
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interval. As the exposure times of Fe-minerals to dissolved sulphide progressively 

increase downcore in the S-dominated zone, other Fe-minerals may become reactive 

towards sulphide. At the base of the S-dominated zones these exposure times are more 

than 65 kyr (P17) and more than 35 kyr (PI9). Comparing these exposure times with 
the average half-lifes of Fe-smectites with respect to their sulphidation of 84 kyr 

(CANFIELD et aI., 1992), shows that a large proportion of the Fe-smectites may 

have become reactive towards sulphide in the lower parts of both cores. The large gap 

between half-lifes of crystalline Fe-oxides such as magnetite (l05 yr) and Fe-smectites 

with respect to their sulphidation may determine low pyritisation rates in the S

dominated zone and higher rates at its two transitions to the Fe-dominated zones. 

Alternatively, the occurrence of turbidites below 8 and 11 m depth in cores P17 and 

P19, respectively, may have preserved some Fe-oxides, that serve as reactive Fe in 

the lower Fe-dominated pyritisation zone. 

4 
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Figure 4.13 A S-mass balance ofthe upper 3. 7 m in core PI7 and the 
upper 5. 7 m in core P19. Reservoirs ofFeS2• HS and S04 are shown. 
Fluxes 1-7 between these reservoirs and their surroundings are defined 
and quantified in Table 4.3 

A S-mass balance was made for the upper 3.7 m and 5.7 m in cores Pl7 and 

P19, respectively. In addition, S-isotope data of pore water HS' and SO/ and of 

pyrite, and relationships between Corg , pyrite- Fe, Fe-oxides, and the degree of 

pyritisation (DOP) will be used to obtain more details about pyritisation in the upper 

Fe-dominated zone. In the S-mass balance, fluxes 2, 4 and 5 are unknown (fig. 4.13; 

Table 4.3). The pyrite burial (flux 1) is determined by calculating the average FeS2

contents and multiplying it with the average sedimentation rates in the zones 
discussed. Fluxes 3, 6, and 7 are determined from the HS' and SO/ profiles. When 
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Table 4.3 Definition and quantification ofS-fluxes in a S-mass balance for the upper 3. 7 min 
core P17 and the upper 5. 7 m in core P19 (jig. 4.13). The fluxes under (f) are calculatedfrom the 
solid phase (flux 1) or pore water gradients. Flux 2 and the pore water S deficit under @ are 
defined by the assumption ofsteady state pyritisation (flux 2 = flux 1), whereas under @they are 
defined by the case ofno pyritisation (flux 2 = 0) 

flux definition PI7: S-flux 

(ltmol S em2 yrl ) 

PI9: S-flux 

(ltmol S em2 yrl ) 

CD ® @ 

3.72 

3.72 0 

3.40 

0.99 

7.31 

-6.64 -2.92 

CD ® @ 

5.60 

5.60 0 

1.90 

0.72 

4.73 

-7.71 -2.11 

1 pyrite burial 

2 pyritisation 

3 HS-diffusion from AMO zone 

4 HS-oxidation 

5 S04-reduction through OM 

oxidation 

6 S04-diffusion into the sediment 

7 S04-diffusion towards AMO zone 

pore water S deficit 

the pore water HS' and SO/ reservoirs are put together and steady state is assumed 

(flux 1 = flux 2), fluxes 3+6 should equal fluxes 2+7. A conspicuous pore water S
deficit of 7.71 and 6.64 Itmol S cm,2 yr'] is found for cores Pl9 and P17, 

respectively. Clearly the system is not at steady state. When it is assumed that 

pyritisation occurred in the past but not at present (flux 2 = 0), there is still a deficit 

in pore water S of 2.11 and 2.921tmol S cm'2 yr'l in cores P19 and P17, respectively. 

This deficit may be neutralised by the oxidation of solid phase S species to sulphate. 

However, oxidation of pyrite, with 034S values of -44 in core Pl9 and -25 to -15 in 

core P17, would have led to much lower 034S values of SO/ than observed (fig. 

4.11). Alternatively, the transport of sea water SO/' into the sediment (flux 6) may be 

increased by bioirrigation, not necessarily down to the sulphate kink. 

The 034S of SO/ and HS' shows a fractionation of about 40 %0 in both cores, 

acknowledging the reliability of the upper two 034S values of HS' in core Pl7 due to 

HS' concentrations below 0.2 mM (fig. 4.11). This fractionation and the observation 

that 634S values of SO/ exceed +20 %0, indicates that, at present, sulphate reduction 
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through OM mineralisation (flux 5) occurs in the upper parts of both cores, possibly 

supplemented by some HS- oxidation to sot (flux 4), with associated 

disproportionation of SO (CANFIELD and THAMDRUP, 1994). 

Based on the S-mass balance it was argued that the bulk of the pyrite found in 

the upper parts of the sediments must have been formed in the past. Relatively high 

pyritisation rates may have occurred during oxygen isotope stage 2. Higher 

productivity during this glacial led to higher fluxes of reactive marine OM to the 

sediments, probably leading to more anoxic conditions at relative shallow depths 

compared to those observed at present. In both cores pyrite contents are much higher 

in oxygen isotope stage 1 than in stage 2 (fig. 4.10 and 12). In core P19, the decrease 

of dithionite-extractable Fe and Mn at the top of the core (fig. 4.12) seems to be 

interrupted by an extra depletion between 2.13 and 4.42 m, i.e., at the top of oxygen 

isotope stage 2. This depletion in Fe and Mn is accompanied by enrichments in the 
HN03-, ascorbate-, and HCl-leached fractions of both elements. Quantitatively, the 
depth-integrated depletion agrees with the sum of the depth-integrated enrichments 

within 5% for both elements (Table 4.3). Within this interval, enhanced reduction of 
Fe-oxides may lead to enhanced pyritisation rates, accompanied by other authigenic 

Fe- and Mn-sinks, which will be discussed below. 

The 034S profiles of FeS2 show marked differences between the cores (fig. 

4. 11). In core P19, the difference between 034S profiles of FeS2 and HS- of 25 %0 

confirms that the bulk of pyritisation occurred in the past, assuming that no 
fractionation occurs during pyritisation. Presently formed pyrite would have a 034S 

value of about -20 %0, which only slightly increases the 034S value of the bulk pyrite, 

because of its relatively low formation rate. The pyrite c'i34S value of -44 %0 indicates 

that during past pyritisation a fractionation of about 70 %0 between the 034S of FeS2 
(and thus of HS-) and of sot. Such a fractionation only occurs in an open system 

(GOLDHABER and KAPLAN, 1974; CHAMBERS and TRUDINGER, 1979), i.e., 

close to the sediment/water interface, by the combined microbial processes of sulphate 
reduction through OM oxidation and by disproportionation of SO (CANFIELD and 

THAMDRUP, 1994): 

4 HS- + 4 F~03 + 20 H+ 4 SO + 8 Fe2 + + 12 Hp (4. 12a) 

4 SO + 4 H20 sot + 3 HS- + 5 H+ (4. 12b) 

sot + 8 Fe2+ + 8 Hp (4.12) 

Fractionation occurs in reaction 12b, resulting in the production of relatively heavy 
sulphate and light sulphide. In core PI?, however, c'i34S values of FeS2 increase with 
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depth and are much higher than in core P19 (fig. 4.11). During past pyritisation in 

this core a fractionation of about 45 %0 between the 034S of FeS2 (and thus of HS") 

and of SO/" occurred. This situation resembles present day pyritisation conditions in 

a closed system, the fractionation dominantly originating from bacterial sulphate 

reduction through OM oxidation. The different pyritisation conditions in the past 

between the cores may originate from their difference in water depth of 1100 m (see 

also chapt. 5). Relatively high accumulation rates of reactive OM at the shallower 

location 19, may have led to more intense anoxic conditions close to the 

sediment/water interface, compared to location 17. 

Conditions for pyrite formation may also be inferred from relationships 

between Corg , pyrite- Fe, Fe-oxides, and the degree of pyritisation (DOP), which is 

defined as: 

DOP = pyrite-Fe I (pyrite-Fe + ascorbate-Fe + dithionite-Fe) (4.13) 

Corg does not correlate with pyrite Fe and DOP (fig. 4.14). Obviously, there is no 

direct relationship between the oxidation of OM and the production of HS", in 

agreement with reaction 8. A clear negative correlation between pyrite Fe and Fe

oxides exists in the upper parts of cores P19 and P17 (R2 = 0.96 for core P19, fig. 

4.14). In core P19 the slope of -0.74 indicates that about three quarters of the Fe

oxides eventually end up in pyrite. This negative relationship indicates that Fe-oxides 

are abundant and pyrite formation is limited by the supply of HS· to the upper part of 

the cores. Below 5.1 m (P 19) and 3" 7 m (P 17) there seems to be no relationship 

between Fe-oxides and pyrite contents. Further pyrite formation may have become 

limited by Fe-oxides here, while the sediment already contains pyrite that has been 

formed previously, explaining the lack of a clear relationship between the two 

constituents and the ability of HS· to diffuse upwards. 

The observed relationship of HN03-extractable Mn with pyrite Fe may indicate 

a mechanism of Mn incorporation into pyrite. Although structural or thermodynamic 

restrictions may limit the amount of Mn that can be substituted into pyrite 

(FLEISCHER, 1955), coprecipitation seems to be the most plausible mechanism 
(JACOBS, 1984). For various marine sediments from the Gulf of Mexico, Huerta

Diaz and Morse (1992) demonstrated that pyrite may be a moderately important sink 

for Mn. These authors defined the degree of trace metal pyritisation (here for Mn): 

DTMP(Mn) = Pyrite-Mn / (Pyrite-Mn + reactive Mn) (4.14) 
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and plotted it against the degree of pyritisation (DOP). For Mn they found an almost 

linear increase in DTMP values with increasing DOP, with a slope close to unity. 

Additionally, an axis intercept of 0.1-0.3 DOP was found, indicating that HS' needs 

to exceed a certain level (> 1 iLM) before Mn2 
+ may start to coprecipitate with 

pyrite. For core P17 and PI9, the reactive Mn is defined as ascorbate- plus dithionite

extractable Mn. Within the upper 14 m of core P19 an excellent linear relationship 

between DOP and DTMP-Mn is found with a slope close to unity and almost no axis 

intercept (fig. 4.15). This indicates that Mn coprecipitates with pyrite, even at low 

DOP values, in a constant proportion to Fe: (Fe/Mn)pyrite is about 50 in the upper part 

of core P17 and about 100 in the upper part of core P19 (fig. 4.12). According to the 

unity slope this proportion is determined by the proportion of Fe-oxides to Mn-oxides. 

The positive DOP/DTMP-Mn correlation is also present, although less clear, in the 
upper part of core PI7. In the lower parts of both cores, enrichments of dithionite

and ascorbate-extractable Mn are found. Although these enrichments may be related 

to enhanced preservation of Mn-oxides in turbidites, it is more likely that these are 

related to authigenic Mn-sinks. The DOP/DTMP-Mn relationship may therefore have 
been blurred by this authigenic overprint in the lower parts of the cores. 

P17	 P19 
Y =0.961073' X + -0.0259379 

1.00	 080 
0 0 

+ l'0.80 ++ + 

+ 
+ + 0.60 

+ cc 0.60 + + ~~ 10..0.. 

~	 ~ 040~ 
0 0.40	 0 0+ 

+	 • 
0.20 •++ 00.20 +	 • • 

0+ +	 • 
c, 

-,------.---,-~0.00 -,----.0.00 
0.00	 0.20 DAD 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00 

DOP DOP 

+ 0- 9.6 m	 (' 0 - 14 m 
+ 9.6-16m	 • 14 - 22 m 

Figure 4.15 DOP vs. DTMP-Mn in cores Pi7 and Pi9 
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Other authigenic Fe- and Mn sinks 

Sequential extraction results indicate that authigenesis of Fe- and Mn-bearing 
minerals other than pyrite may be expected at 2.13-4.42 m depth in core P19 and 

below 10 and 14 m depth in core P17 and P19, respectively (fig. 4.6 and 7). To 

investigate authigenesis in the 2.13-4.42 m depth interval in core P19 depth-integrated 

depletions of dithionite-extractable Fe and Mn are compared to depth-integrated 

enrichments of ascorbate-, HCI-, and HN03-extractable Fe and Mn (Table 4.4). 

Table 4.4 Depth-integrated depletions ofdithionite-extractable Fe and Mn (in 
m xppm) and depth-integrated enrichments ofascorbate-, HCI-, and HNOJ



extractable Fe and Mn (in mxppm) in the 2.13-4.42 m depth interval in core 
P19. The sum represents the addition of the integrated depletions and 
enrichments (in mxppm); the percentage (3.6 %for Fe and 4.4 %for Mn) 
represents the relative difference between the depletion and the sum ofthe 
enrichments. Total enriched Fe or Mn stands for asc. + HCI + HNO] 
enrichments 

step 
Fe 
(mxppm) 

Fe / total 
enriched Fe 

Mn 
(m x ppm) 

Mn / total 
enriched Mn 

dit. -25098 -408 

asc. +2874 11.9% +67 17.2% 

HCI +7533 31.2% +81 20.8% 

HN03 +13776 57.0% +242 62.1 % 

sum -915 -18 

% 3.6% 4.4% 

The Fe2 
+ and Mn2 

+ produced by the enhanced reduction of dithionite
extractable Fe- and Mn-oxides is only partly converted to pyrite, possibly containing 

coprecipitated Mn. About 40% is converted to one or more mineral phases that are 

extracted by ascorbate and HCl. In addition, dithionite-extractable Al displays the 

same pattern as Fe in the same fraction, including the extra depletion between 2.13 

and 4.42 m. This may imply the dissolution of AI-oxides like gibbsite and subsequent 
precipitation of an authigenic aluminosilicate, containing certain amounts of Fe and 
Mn. 
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Table 4.5 Depth-integrated Ca-, Mg-, Fe-, and Mn-enrichments in the lower parts of cores P17 
and P19. 1n the first column (area) the depth integrated area in m xppm is shown for each 
element. 1n the second column (/M~ this area is divided by the molecular weight ofthe elements 
(in mxmmol/kg). 1n the third column (%) the molar ratio ofthe elements is derived by adding 
column 2 together and setting the sum to 100 % 

P17 area IMW % P19 area IMW % 

7.15 (m x ppm) (mxmmol 13.25

8.78m /kg) 16.32 m 

Ca 1256 31.3 18.7 4145 103.4 49.0 

Fe 5087 91.2 54.6 2499 44.7 21.2 

Mg 1031 42.4 25.4 1393 57.3 27.1 

Mn 116.4 2.1 1.3 315 5.73 2.7 

8.78 17.04

10.27 m 21.01 III 

Ca 403.8 10.1 11.8 19870 495.8 45.1 

Fe 3307 59.3 69.2 18713 335.1 30.5 

Mg 336.5 13.8 16.1 5718 235.3 21.4 

Mn 130.4 2.4 2.8 1777 32.3 2.9 

10.27

15.7m 

Ca 4564 113.8 14.1 

Fe 31949 572.6 70.7 

Mg 2541 104.5 12.9 

Mn 1045 19.0 2.3 

The emichments of ascorbate-, HCl-, and dithionite-extractable Mn and Fe at 

the bottom of core P19 are divided in two intervals: 13.25-16.32 m and 17.04-21.01 

m (fig. 4.6,7 and 8). These enrichments are accompanied by Ca-, Mg-, Sr-, and P

enrichments. The similarities between the shapes of the enrichments of each element 

in the three extraction steps suggests that they represent a single mineral phase. 
Depth-integrated enrichments of the steps are therefore combined for each element. In 

core P17 enrichments of HCI-extractable Ca, Fe, Mg, Mn, Sr and P are divided in 
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three zones: 7.15-8.78 m, 8.78-10.27 m and 10.27-15.70 m. The Sr- and P

enrichments are minor compared to the other elements and are therefore not included 

in the calculations. After recalculating the area of the enrichments on a molar base, 

ratios of the elements may give a clue about what mineral phase is found (Table 4.5). 

The HCI-extractability and the association of elements point to the precipitation of a 

carbonate. In core P19, the Ca:Fe:Mg:Mn ratio of about 48:25:25:2 in both 

enrichment intervals may represent ankerite (Ca,Mg,Fe,Mn)C03 , reported earlier for 

Angola Basin sediments (GINGELE, 1992). The carbonate(s) in core Pl7 contain 
more Fe and less Ca than those in core P19. Possibly, the enrichments consist of 

siderite (FeCO}) and dolomite (CaMg(C03)2); siderite has been reported for Angola 

Basin sediments (HAESE et aI., 1997). Pore water profiles of Ca2
+, Mg2

+ and HC03

show depletions at the bottom of both cores. In contrast, the Mn2 + and Fe2+-profiles 

do not clearly indicate their present-day co-precipitation with carbonate. The inferred 

presence of such authigenic carbonate phases could not be confirmed by XRD
analysis, possibly due to their small relative quantities (belQw 10 counts per second). 

CONCLUSIONS 

Sequential extraction of standard minerals has shown that the extraction of 

most Fe- and Mn-oxides, carbonates (in low-calcite samples) and pyrite can be well 
defined. Some overlap may occur with the extraction of various aluminosilicates, 

depending on their crystal structure. 
In the upper parts of the cores Fe- and Mn-oxides are reduced through OM 

oxidation leading to sharp redox fronts. The amorphous Fe- and Mn-oxides are 

readily reduced to low concentrations. Subsequently, the more crystalline oxides are 
reduced. Deeper downcore decreasing pore water Mn2 + and Fe2 + concentrations 

indicate another sink for these elements, namely precipitation with HS-. 

Pyrite formation is the most important Fe-involved diagenetic process in the 

sediments discussed. A S-mass balance and pyrite isotopes indicate that the bulk of the 
pyrite in the upper parts of the sediments was formed in the past. Higher pyritisation 
rates may be expected during oxygen isotope stage 2 due to higher fluxes of reactive 

marine OM to the sediments, leading to more anoxic conditions than at present. At 
location P19 pyritisation occurred in an open system, leading to a fractionation of 

about 70 %0. In contrast, the pyrite at location P17 was formed in a closed system, 
leading to a fractionation of about 40 %0. HS- formation in or transportation to the 

upper parts of the sediments limited the rate of pyritisation at both locations. 
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Present day pyritisation occurs in a closed system at a much lower rate at both 

locations. Fe-oxides are reduced by HS· and precipitate as FeS. Low AVS contents 

compared to pyrite contents indicate an efficient transformation of FeS to FeSz. Pore 

water sulphide (HS-) is mainly produced by anoxic methane oxidation in a narrow 

depth interval. The HS- is transported by diffusion from this production zone towards 

an upper and lower reaction zone, where it may react with Fe-oxides. During 

diffusion some HS- is removed from the pore waters, but the main reactions take place 

at these upper and lower reaction zones. Pyritisation thus occurs in three zones. In the 

upper and lower reaction zones pyrite formation is limited by the supply of HS- into 

these zones. In contrast, pyrite formation is Fe-limited in the HS--containing interval 

between these zones. In the lower reaction zone reactive Fe may be present in the 

form of oxides, preserved by turbidites, or in the form of Fe-smectite. 

The observed relationships between HN03-extractable Mn with pyrite Fe and 
between DOP and DTMP-Mn indicate that Mn probably coprecipitates with pyrite, 

even at low DOP values, in a constant proportion to Fe. 
Indications for other authigenic Fe- and Mn-sinks are found in both cores. At 

the top of core PI9 there are indications for the precipitation of an authigenic Fe

containing aluminosilicate. At the bottom of core PI9 enrichments of Ca, Mg, Fe and 

Mn may indicate the presence of ankerite, whereas siderite and dolomite are possible 

Ca, Mg, Fe and Mn-sinks at the bottom of core P17. 
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CHAPTER 5: 

CLIMATIC, DEPOSITIONAL AND DIAGENETIC CONTROLS ON 

ORGANIC MATTER IN CONTINENTAL SLOPE SEDIMENTS IN 

THE ANGOLA BASIN 

ABSTRACT 

Two 16-22 m long sediment cores, recovered in the Angola Basin near the 

mouth of the river Congo, were examined for influences on variations in the 

composition of organic matter (OM). Sediments in the lower parts of the cores are 

turbiditic, whereas those in the the upper parts are mainly controlled by pelagic 

sedimentation. The OM in turbidites has distinctly higher (C/N) and more negative 

o13C values than the OM in pelagic samples, showing its more pronounced terrestrial 

origin. The effect of anoxic diagenesis on the amount and composition of OM, albeit 

subordinate to oxic decomposition, is significant. The effect is a depletion of a Nand 

P-rich fraction, and a slight emichment in 13Corg' However, qualitative mixing trends 

between marine and terrestrial OM components, which are climate-controlled, seem 

unaffected by OM decomposition. Variations in the marine OM fluxes are controlled 
by variations in the productivity in the surface ocean, the highest productivities being 

found during glacials. These variations appear to be larger than those in terrestrial 

OM fluxes, resulting in dilution of the terrestrial signals by the marine ones at both 

locations. Nonetheless, relatively N-, P-, and 12C-depleted terrestrial OM fluxes also 

show a glacial/interglacial pattern. This pattern is controlled by variations in 

vegetation of the drainage area of the river Congo, the position of the coastline, 

erosion, OM recycling, and biomass. 

INTRODUCTION 

Organic matter (OM) in continental slope sediments has terrestrial and marine 

sources, each with a varying composition. In this chapter OM composition is used in 

terms of elemental and isotopic composition. Firstly, these varying compositions and 
their proportion depend on variations in fluviatile and aeolian transport of terrestrial 

OM to the ocean and in marine primary production of OM, which all relate to 
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changes of climatic conditions. Secondly, OM is decomposed in the water column and 

in sediments. As a result of the preferential consumption of reactive components, the 

OM composition changes and its reactivity decreases with time (BERNER, 1980; 

MIDDELBURG, 1989). A complicating factor may be the turbiditic (re)distributions 

of sediments. The OM in turbidites is derived from the upper slope or shelf. As the 

initial deposition was in a different environment, its composition after redeposition is 

expected to differ from OM deposited in a pelagic regime at that site. Additionally, 

redistribution of OM during deposition of a turbidite may alter its concentration and 

composition. 

Continental slope sediments of the Angola Basin are very suitable to study 

these climatic, diagenetic, and depositional controls on the OM composition because 

they have high terrestrial and marine Corg contents, and often show alternating pelagic 

and turbiditic deposition. River discharge, with its associated nutrients and suspended 

matter, is important for the sediment distribution and primary production in the 

Angola Basin. Average discharge from the Congo river is 1.45 x 1012 m3 yr'l , making 

it the world's second largest river (HOLMES et al., 1996). Based on Ol3C Muller et org , 

al. (1994) showed a high percentage of terrestrially derived OM on the Congo Shelf, 

decreasing with distance from the river mouth down the fan. C/N ratios in surface 

sediments increase with distance from the river mouth due to the decreasing 

concentration of relatively N-poor terrestrial OM. Variations in the Ol3Corg signal of 

detrital C mostly originate from climatically induced variations in the vegetation of 

the drainage area of the Congo river (MARlOTTI et al., 1991). 

In a core from the Congo Fan palaeoproductivities varied between 50 and 300 

gC m'l yr'l, the highest values being present in glacial intervals (SCHNEIDER et al., 

1994). These variations are caused by periodic changes in the nutrient supply to the 

surface waters, by upwelling and by the Congo river (VAN LEEUWEN, 1989; 

SCHNEIDER et al., 1994). Marine autochthonous C is l3C-enriched compared to C 

delivered to the ocean from a typical terrestrial environment. Its C isotopic 

composition may be related to seawater temperature, lipid content of phytoplanktonic 

cells, kinetic fractionation and the C assimilation pathway (C3 or C4) (DESCOLAS

GRaS and FONTUGNE, 1990). 

Ol3CIn this chapter, organic C, Nand P, org and solid phase AI, Ti, and Ba 

measurements will be used to discuss variations in terrestrial and marine contributions 

to OM composition in two piston cores from continental slope sediments of the Congo 

fan. By this approach, some constraints for the interpretation of palaeoclimatic signals 
in continental slope sediments will be derived. 
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MATERIAL AND METHODS 

Piston cores P17 and P19 were recovered at water depths of 4258 and 3137 m 

depth, respectively, and squeezed for pore-water during the 1989 Angola Basin Cruise 

with the RV Tyro in the eastern South Atlantic (fig. 5.1). 

The shipboard routine has been described in detail elsewhere (DE LANGE, 

1992) and will be summarised briefly here. Pore water extraction was started within 

12 h of core collection and took place at in situ temperature (2°C). Samples for pore

water extraction were taken after the surface mm of sediment had been removed in 

order to prevent the inclusion of any oxidised or contaminated material. Pressure 

filtration using filters with poresize of 0.2 ]lm under a nitrogen atmosphere (02 < 
0.003 %) was used to extract pore waters from the samples. 
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Figure 5.1 Coring locations 
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Samples for total extraction were dried for 24 hours at 105 °C and ground in 

an agate mortar before dissolution in an HCI04-HN03-HF acid mixture. The dried 

residue was dissolved in 1 M HCI for analysis of Ba, Cu, Ti and Al with an ARL 

34000 inductively coupled plasma atomic emission spectrometer (ICP-AES). 

Analytical precision and accuracy were determined by replicate analyses of samples 

and by comparison with an international standard (SOl) and an in-house standard 

(AB89). The relative standard deviations were better than 2 % and the accuracy was 

better than 5 %. 
All sediment samples used for the C and &13C analyses were leached with org org 

dilute HCI to eliminate any contamination with inorganic carbon. Following acid 

leaching the samples were centrifuged and the supernatant was removed. The samples 

were subsequently dried at 50 °C and homogenised. The dried sediment samples were 

combusted at 1000 °C and the gases evolved were subsequently purified by cryogenic 

vacuum line techniques. The yields were determined manometrically and the collected 

gases were analyzed on a VG SIRA 24 mass spectrometer. The isotope data are 

reported in %0 relative to the PeeDee Belemnite (PDB) standard. 

Total N (NtoJ, exchangeable N (N.J and fixed N (NflJ of selected sediment 

samples were determined by Kjeldahl titration, as described in detail by De Lange 

(1992). Organic N (Norg) has subsequently been calculated according to Norg == Ntot 

- Nexc. Only in five samples per core Nflx was measured. Other Nflx data have been Nflx 
calculated from total K, using the linear relationship between total K and Nflx in these 

samples, assuming that the Nflx concentration is mainly determined by the illite content 

(DE LANGE, 1992). Total N contents were also determined using a Fisons 

Instruments NA-1500 NCS-analyzer. Some samples used for Kjeldahl were included 

to compare the two methods. The accuracy based on the difference between the 

methods was better than 4 %. 

Organic phosphorus (Porg) contents were determined following a sequential 

extraction scheme (the SEDEX method), described in detail by Ruttenberg (1992). 

After extraction, the residue containing Porg was measured by a colorimetric method, 

using a Perkin Elmer Lambda 1 UV/VIS Spectrophotometer. Three Porg measurements 

in core P19 below 50 ppm are suspectively low, because of the relatively low 

recovery ( < 50 %) of these extracted samples. 

RESULTS 

The Corg concentrations varied between 1 and 5 wt. % and Norg concentrations 
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between 0.04 and 0.22 wt. % (fig. 5.2a and 2c). The molar (C/N)org ratios varied 

between 15 and 40 and were generally higher in the lower parts of the cores (fig. 5.2b 

and 2d). Porg concentrations were between 10 and 300 ppm with a molar (C/P)org ratio 

that was higher than the Redfield ratio of 106/1 (fig. 5.3). However, in general the 

molar (N/P)org ratio was remarkably constant and close to the Redfield ratio of 1611. 

Exceptions occured at the base of core PI7, and at three distict depth levels in P19, 

where a depletion of P compared to N was observed (fig. 5.3). Variations in (N/P)org 

and (C/P)org ratios are determined by variations in Porg . 

The o13Corg showed larger variations in core PI9 (-20 to -28 %0) than in core 

PI7 (-22 to -27 %0) (fig. 5.2a and 2c). The upper core sections were depleted in 

13Corg, more depth-extended in core PI9. Downcore, a relatively 13Corg-rich zone was 

observed, with slightly increasing 013Corg values in core PI9 opposed to a slightly 

decreasing trend in core PI7. In the lower parts of the cores the most negative 013Corg 
values were observed. In core PI9 the general trend was decreasing, followed by a 

strong enrichment in 13Corg between 21 and 22 m depth. In the lower part of PI7 the 

013Corg values generally showed a constant trend (fig. 5.2a and 2c). 

Profiles of Ba and AI-normalised Ba were remarkably similar in both cores 

(fig. 5.2b and 2d). A positive relationship of Ba with Ol3Corg in the upper parts of the 

cores was observed, which was less evident in the deeper parts. The TilAl ratio, 

usually a grainsize indicator, was used to trace the coarse bases of turbidites. Its value 

was constant at a value of 0.055 in the upper 8 m of core P17 and in the upper 11 m 
of core PI9 (fig. 5.2b and 2d). Below these depths the Til Al ratio increased and 

showed sharp excursions, which were more prominent in core PI7. 

DISCUSSION 

Pelagic versus turbiditic sedimentation and stratigraphy 

Core descriptions, TilAl ratios and 013Corg indicate that the upper parts of the 

cores are pelagic, whereas the lower parts probably consist of a sequence of 

turbidites. The transition from turbiditic to pelagic sedimentation occurs at a depth of 

about 8 m and 11 m in cores PI7 and PI9, respectively. 

In the turbiditic zones TilAl values correlate positively with (C/N)org ratios and 

013Corg (more negative at high Ti/Al). High Ti/AI ratios indicate relatively high 
concentrations of heavy Ti-containing minerals, which occur at the base of turbidites 

because heavy material settles faster. High (C/N)org ratios and more negative 013Corg 
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values nearly concurrent with high Ti/Al values may relate to the more terrestrial 

origin of the OM. Part of the effect may be gravitational, i.e., the effect that a 

specific fraction of the OM is enriched in the lighter or heavier fraction of the 

sediment. A possible mechanism that may cause this separation is the formation of 

(mono-layer) films on clay particles (BERGAMASCHI et aI., 1997). Marine OM is 

prefentially sorbed to clay minerals, probably because it contains more functional 

groups than terrestrial OM. The effect is that the fine fraction of the sediment carries 

OM with relatively low C/N ratios and high Ol3Corg values. 

By comparing Corg and Ol3Corg profiles with published profiles of known 

stratigraphy in the Angola Basin region (core GeoB-1016-3, MUller et aI., 1994; core 

GeoB-lO08, Gingele and Dahmke, 1994; core GeoB-1401-4, Haese et aI., 1997), the 

stratigraphy of the pelagic parts of the cores is interpreted. 14C_ measurements of OM 
are used as an independant verification. In cores P17 and P19, pelagic sediments 

occur from the present to oxygen isotope stage 3 and 4 (fig. 5.2). Average pelagic 

sedimentation rates are 32 cm kyr'l for core PI9 and 12 cm kyr'l for core P17. In both 

cores the highest sedimentation rates are found in glacial stage 2. Higher 

sedimentation rates during glacials are expected because 1) productivity is higher 
(e.g., SCHNEIDER et aI, 1994), leading to higher Corg, CaC03 , and opal fluxes, 

although sedimentary CaC03 contents may be lowered considerably by dissolution in 

corrosive pore waters near the sediments/water interface (VAN LEEUWEN, 1989); 

2) the vegetation in the drainage area of the river Congo changes from tropical rain 

forest during interglacials to a savannah/dry grassland/desert vegetation during 

glacials (JANSEN et aI., 1984). Within a tropical rain forest environment OM is 

recycled efficiently and erosion is low, leading to lower riverine and eolian transport 
to the ocean. In contrast, erosion is much higher during cold (and dry) periods leading 

to higher riverine and eolian transport of terrestrial material to the ocean (JANSEN, 
1984; VAN DER GAAST and JANSEN, 1984); 3) during glacial periods the sea 

level subsides leading to a regression, exposing the upper shelf to erosion. 

Marine versus terrestrial inputs 

For the description of variations in marine inputs in the pelagic parts of the 

cores marine Corg , Ba, and Norg will be used, whereas terrestrial Corg, AI, and (C/N)org 

ratios will be used as proxies for terrestrial inputs. Marine and terrestrial Corg are 

calculated from Ol3Corg and total Corg , assuming that ol3C variations are solely 
controlled by mixing of a marine (0 13Corg = -19 %0) and a terrestrial end member 
(013Corg = -28 %0) (e.g., DEGENS and MaPPER, 1976; RAU et aI., 1982; JANSEN 
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Figure 5.3 Concentration vs. depth profiles of POIg' ofmolar (CIP)org, 
and ofmolar (NIP)org ratios in both cores. Three circled samples in 
core PJ9 are suspectively low (see Material and Methods section) 

et al., 1984). Accordingly, 013Corg values are expressed as marine fractions which are 

multiplied with C values to give marine and terrestrial C profiles (fig. 5.2a and org org 

2c). 
All the parameters above have their limitations. Many authors found that Ba

contents in sediments follow a clear trend with time, believed to result from variations 
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in palaeoproductivity and water column scavenging (e.g., DYMOND et aI., 1992; 

SHIMMIELD et aI., 1994; FRANCOIS et aI., 1995; VAN SANTVOORT et aI., 

1996). However, care should be taken applying Ba as a proxy for palaeoproductivity. 

Apart from the barite precipitated in sulphate-rich microenvironments within decaying 
OM in the water column ('biogenic Ba'), Ba may have a non-biogenic source. For 

core GeoB-1008, located on the Congo Fan near P17 and P19, it was found that 

although this 'non-biogenic' Ba may constitute 30-60% of the total Ba, the variations 

in 'biogenic Ba' are the same as in total Ba (GINGELE and DAHMKE, 1994). This 

indicates that at our locations total Ba may be used only as qualitative indicator for 

paleo-productivity, provided that diagenetic remobilisation of Ba does not alter this 

qualitative trend. Although some remobilisation of Ba occurs at both locations, it is by 

far not sufficient to explain the Ba variations found (Appendix 5.1). Diagenesis may 

also affect terrestrial and marine Corg , Norg and (C/N)org ratios by preferentially 
removing a 13C_ and N-rich fraction of the OM. Variations in the &13C of the 

terrestrial end member of OM may influence the quantitative distribution between 

marine and terrestrial Corg , but will not affect the qualitative trend. Therefore, the 
parameters may only be used in a qualitative sense to describe glacial/interglacial 

variations in terrestrial and marine inputs. 

Interglacial stage 1 is characterised by low marine inputs (the high Ba at the 

top of core P17 concurs with high Ca and may be calcite-related). During glacial 

stage 2 maxima in the marine parameters are found, that are most prominent in the Ba 

profiles. During interstadial stage 3 the marine parameters show only small depletions 
compared to stage 2. This indicates higher productivity during glacials and lower 

productivity during interglacials, less extreme during interstadial stage 3 , which 
agrees with the reported pattern for the tropical Atlantic region (SCHNEIDER et aI., 

1994). The observation that Ba variations are more extreme than those in marine Corg 
and total Norg may be a diagenetic effect. When sediments contain more marine OM, 
higher decomposition rates due to its high reactivity will temper extrema in marine 
Corg and total Norg . The Ba signal apparently is more robust in this respect. In core 

P19, variations in (C/N)org and Al are large and opposite to the marine trend. In 
contrast, terrestrial Corg is remarkably constant, with the exception of some small 

sharp enrichments. In core P17, however, variations in Al and (C/N)org are low and 

terrestrial OM shows no obvious trend. Terrestrial fluxes are expected to be higher 

during glacials than during warmer periods, as discussed above. If the effect of 

climatic changes is larger on marine fluxes than on terrestrial fluxes to the sediment, 
then the terrestrial signal is diluted by the marine one. This can be shown by 
comparing variations in opal, representing the major marine component and AI, 
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representing the major terrestrial component. The variation in opal content between 

stages 1 and 2 are about 55%, whereas that in Al is only 25% (fig. 5.2d). In the case 

of P17, containing less opal in stage 3 than P19, this dilution effect may result in 

dimming of the terrestrial signal, whereas in the case of P19 it even results in 

reversing the actual terrestrial trends. The observed divergent behaviour of terrestrial 

OM compared to the other terrestrial parameters may be due to a vegetational effect. 

Although erosion is low and recycling of OM high in the tropical rain forest 

environment during interglacials, the biomass of this vegetation is much higher than 

that of the glacial vegetation. Therefore variations in terrestrial OM fluxes are 

expected to be smaller than variations in detrital fluxes. The little spikes in the 

terrestrial Corg profile may be due to small turbidites. 

An alternative approach to visualise marine and terrestrial influences on the 
composition of OM is to evaluate the relationship between (C/N)org ratios and i)13Corg 
(e.g., JASPER and GAGOSIAN, 1990; MULLER et aI., 1994). Apart from mixing 

of terrigenous and marine OM, this relationship may also be influenced by 
temperature dependent C isotope fractionation by phytoplankton, mixing of C3- and C4 

OM, and diagenetic alteration of the originally sedimented material (JASPER and 

GAGOSIAN, 1990). For our locations the i) 13Corg-(C/N)org relationship is expected to 

be controlled by variations in mixing of marine and terrestrial OM, leading to a 
negative correlation in a i) 13Corg versus (C/N)org plot (MULLER et aI., 1994). 

Variations in OM decomposition, leading to higher (C/N)org and lower i) 13Corg values, 
also leads to a (different) negative correlation. In contrast, temperature and 

atmospheric pC02-dependent C isotope fractionation by phytoplankton leads to a 

positive correlation (MULLER et aI., 1994). When these two parameters are plotted 
against one another a scattered image with a slight negative correlation is observed in 

core P19. which is not obvious in core PI? (fig. 5.4). However, when data are 

separated into different oxygen isotope stages and turbidite intervals some trends 

become visible. In core P19. a clear negative correlation is found within stage 2, 
showing high variation in the participation of the terrestrial and marine end members 

during this stage. Within stages 1 and 3 less variation is observed, the stage 3 data 

clustering at lower (C/N)org ratios and less negative i) 13Corg values, showing a higher 

partitioning of the marine end member in stage 3. However, these trends are not clear 

at location PI? indicating that deviations from these trends may occur on a local 

scale. In both cores the turbiditic samples are clearly distinct from the pelagic samples 

at lower i) 13Corg and, in the case of P19, also at higher (C/N)org ratios, showing the 
more terrestrial origin of turbidites. 

During stage 1 and 2, the samples in core PI? have higher (C/N)org ratios and 
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Figure 5.4 Plots of 013CO,g values vs. molar (C/N)org ratios. The data are separated in oxygen 
isotope stages 1-4 and turbiditic intervals in both cores 

during stage 3 higher (C/N)org ratios and lower () 13Corg values those in core PI9. 
Accordingly, participation of the terrestrial end member is higher at location PI7 than 

at location PI9. This seems surprising as P17 is located further from the river mouth 

than P19. However, this effect may be due to a lower participation of the marine end 

member because the water depth of core P17 is 1100 m deeper, allowing higher water 

column decomposition of preferably marine OM. Assuming identical primary and 
export productivities at both locations, this depth effect can be estimated by using 

empirical algorithms (SARNTHEIN et aI., 1992). The calculated flux of marine Corg 
to the sediment is then found to be 14-18 % lower at location P17. Because of the 

difference in sedimentation rates this results in 36-48 % lower marine Corg contents at 
location P17. Additionally, lower sedimentation rates at location P17 may lead to 

lower preservation of marine OM in the sediment. Alternatively, some local/regional 
effects like upwelling and local blooms during glacials or variations in the 

sedimentation pattern on the Congo Fan may influence the participation of each end 

member. 

Decomposition versus preservation of OM 

Only a few percent of the OM that is introduced in the surface waters reaches 
the bottom of the ocean (e.g., BROECKER and PENG, 1982). The majority of this 

fraction is decomposed during burial in the surface layer of the sediment (BERNER, 
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1982) by benthic and microbial organisms (e.g., LEE, 1992). Pore water profiles of 

N03-, Mn2
+, and Fe2

+ show that N03-, and implicitly O2 , are consumed within the 

upper 15 cm, below which the appearance of Mn2 + and Fe2+ indicate the reduction of 

Mn- and Fe-oxides (chapt. 2 and 4). For core GeoB 1401, recovered between location 

17 and 19, an oxygen penetration depth of 3.5 cm was found (SCHULZ et al., 1994). 

For this location it was reported that OM is mainly degraded by oxygen at a rate of 

2.7 gC m-2 yr-1
• The effect of oxic degradation on the amount of OM can be 

calculated from this rate by using the sedimentation rate of 6 cm kyr- I
, assuming a dry 

sediment density of 2.65 g cm-3 and a porosity of 0.9. The result is that the Corg 

concentration is lowered with 15.5 wt. % by oxic degradation. The actual surficial Corg 

concentration was reported to be 1. 4 wt. % (HAESE et al., 1997), from which a burial 

efficiency of 8.3 % is derived. This value is expected to be similar at our locations. 

Consequently, oxic diagenesis has a large influence on the amount of OM preserved 

in Angola Basin sediments. This process probably also influences its composition as a 

result of preferential consumption of reactive components (BERNER, 1980; 

MIDDELBURG, 1989), which are probably enriched in Nand P. 

The effect of anoxic decomposition on the composition of OM will be shown 

by comparing solid phase (C/N), (NIP), and (C/P) ratios with those derived from 

pore water nutrients. Decomposition of OM in sediments leads to increasing pore 

water concentrations of the end products, such as bicarbonate, ammonium and 

phosphate. By plotting these pore water constituents against one another the 

composition of the decomposing OM in terms of (C/N)org and (N/P)org ratios can be 

derived (fig. 5.5). As a first approximation, these ratios are calculated from: 

C b.HC03 Dc 
( N)org (5.1 )-

b.NH4 On 

N b.NH4 On 
( p)org (5.2)

b.P04 Op 

The gradients in equation 1 and 2 are derived from the slopes in figure 5.5 and D, is 

the diffusion coefficient of component x. The plots of HC03 versus NH4 show a linear 
relationship in the 5.6 to 16.7 and 3.6 to 10 m depth interval for cores P19 and PI 7, 
respectively. The (C/N)org ratios calculated from the slopes of these linear intervals are 
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Table 5.1 Parameters, gradients and ratios for determining stoichiometry in cores PI 7, PI9 and P28 ~ 

Parameters: 

Li and Gregory:	 DO(2°C)(HC03-) = 186.0 em2
y(1 

DO(2°C)(SOt) = 172.2 em~r-l 
DO(2°C)(NH4 +) = 334.5 em2yr-1 

DO(2°C)(I:1 HPO/"lH2POt) = 124.7 cm2yr-1 

DO(2°C)(HS") = 326.7 cm2
y(1 

DO(4°C)(CH4) = 274.6 cm2yr-1 

('), = 2.65 g em-3
 

<1>, (pI7): 0-9.5 m: 0.83
 
9.5-16 m: 0.70
 

<1>, (pI9): 0-22 m: 0.84
 
<1>, (p28): 0-16 m: 0.80
 

Berner: D/ = DjO/ (<1>.<1>-0) with n = 1.8 =>
 

Iversen and Jorgensen D/ = DjO/ (1 +2.8(1-<1>)) with n = 2.8 for methane
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7.47 and 6.36 for cores P19 and P17, respectively. The plots of NH4 versus P04 show 

linear relationships below 7.2 m in core P19 and within the 3.6 to 11.6 depth interval 

in core P17. In these intervals NIP ratios of 17.6 and 11.5 were calculated for cores 

P19 and P17, respectively. The parameters, gradients and ratios for determining the 

stoichiometry are summarised in Table 5.1. Accordingly, the composition of the 

decomposing OM can be given by (CHP)I06(NH3)16.7(H3P04)1.45 for core Pl7 and 

(CH20)I06(NH3)142(H3P04)OSI for core P19. These outcomes are remarkably close to 

the Redfield composition of fresh algal material (C:N:P = 106:16:1). However, they 

are very different from the composition of the solid phase particulate OM: 

(CH20)106(NH3)3.6(H3P04)01.03 for core P17 and (CHP)106(NH3)3.S(H3P04)0.2.0.6 for 

core P19. Consequently, anoxic diagenesis affects the composition of OM by 

removing a relatively N and P-rich fraction, close to Redfield composition, probably 

representing marine OM. 

10 

P17 

i' 
§. 

+ .,. 
I 4
Z 

a 

P19 

4 
i' 
§. 

+ .,. 
I 
Z 

16
Y=0.0874X ·0.159 
N = 16 (3625·10m) 
R-squared =0.94 

1.2 

·\ i' 
§. 

N 0.8 

0 

I 

04 . .V'"/~ 
0.. 

.,. 

0.0 

20 40 60 

HC0 '(mM)
3

Y =0.0746 X· 0.177
 
N= 21 (5595·16655 m)
 

" 

..
..
 . .. .. , 
:' 

t 
~ 

Y =0.233 X· 0.0686 
N =33 (3625·11.635 m) 
R-squared =0.99 

4 6 10 

NH +(mM)
4

Y = 0 153 X ·00968 
N = 55 (7 195·22 m) 

0.0 IJ/ 
~ "'k~ II 

a 20 40 60 a 2 4 6 

HCo "(mM) NH/(mM)
3

Figure 5.5 Plots ofHCO] vs. NH4 and of NH4 vs. P04 in both cores 

R~squared =0.99 . . R-squared = 099 

/ 
0':'" 06 .'.·....· i' 

N 
§.
.,. 04 j ~ 

0 
0.. 
I 



109 Climatic, depositional and diagenetic controls on organic matter 

o HC0 (mM)3

20 40 60 
L-~_----ll_~_----ll_~ 

o o 20 
I 

40 
I 

60 
I 

40 44 52 
I 

48 
I 

I> Mg(mM) 

56 
I 

60 40 
I 

44 
I 

I> Mg(mM) 

48 52 
I 

56 
I 

60 
I 

6 108 

• Ca (mM) 

12 6 

• Ca (mM) 

8 10 12 

0 

4 

8 

II 
:5 8 £i 12 

a.a. 
Q)Q) 

0o 
16 

12 

20 

16 24 

Figure 5.6 Concentration vs. depth profiles o/pore water Ca, Mg, and HC03 in both cores. The 
horizontal line represents the depth below which carbonate precipitation may be expected 

In the upper parts of the cores higher slopes in the HC03 versus NH4 plots and 

lower slopes in the NH4 versus P04 plots are partly due to the production of N03", 

N02- and N2 instead of NH4 + during oxic and suboxic diagenesis (e.g., FROELICH et 

al., 1979). Alternatively, reoxidation of upward diffusing NH/ may explain this 

observation (SCHULZ et al., 1994). Consequently, these observations cannot be used 

to discuss a possible alteration in the composition of OM by suboxic diagenesis. 

Below 10 m in core P17 and 16.7 m in core P19 deviations from the linear 

relationship in the HC03 versus NH4 plots concur with pore water Ca and Mg 

depletions in the case of P17 and with a Ca depletion in the case of P19 (fig. 5.6), 

which may be ascribed to carbonate precipitation. Below 11.6 m in core P17 the 

inverse relationship between NH4 and P04 concurs with decreasing P04 concentrations 

(chapt. 3), which are ascribed to authigenic phosphate precipitation. 

It may be argued that these precipitation reactions alter the slopes of the linear 

relationships between HC03 and NH4 in both cores and between NH4 and P04 in core 

P17. This would lead to an underestimate of the (C/N)org ratios in both cores and an 
overestimate of the (N/P)org ratio in core P17. Another process no yet considered is 
the adsorption of NH4 and P04 on mineral surfaces. This process would lower pore 
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water NH4 and P04 gradients that are produced by the decay of OM, leading to an 

overestimate of the (C/N)org ratios. The effect on the (N/P)org ratios is unknown as it 

depends on the relative extent of adsorption of NH4 compared to P04 • However, some 

of the influences on (C/N)org and (N/P)org ratios discussed above have opposite effects 

and may nullify each other. In addition, the observed differences between the OM 

compositions are probably too large to be explained by the processes above. 

In summary, anoxic diagenesis is less important than oxic decomposition with 

respect to the amount and composition of OM in Angola Basin sediments, but its 

influence is still significant. However, the main anoxic decomposition of OM occurs 

below the recovery depths of our cores by microbial or thermic processes (chapt. 3). 

Therefore, it is expected to have low impact on the composition of OM within the 

recovery depths. By preferential removal of a more reactive Nand P-enriched OM 

fraction, the proportion of marine and terrestrial OM in sediments shifts towards the 

terrestrial fraction. This reinforces the recommendation to interpret the marine and 

terrestrial Corg parameters and the ol3Corg-(C/N)org relationships in a qualitative sense. 

Even this qualitative trend may be obscured by variations in the intensity of OM 

decomposition. However, the consistent climate-related trends of marine and 

terrestrial parameters found in our cores and previous reported sites in the Angola 

Basin show that long-term variations in the intensity of OM decomposition are in 

phase with variations in marine and terrestrial inputs, preserving the trends in a 

qualitative sence. 

CONCLUSIONS 

The upper parts of cores Pl7 and P19 are mainly controlled by pelagic 

sedimentation, whereas the lower parts of the cores are turbiditic. The OM in 
turbidites has distinctly higher (C/N) and more negative ol3C values than the OM in 

pelagic samples, showing its more pronounced terrestrial origin. In cores P17 and 

P19, pelagic sediments occur from the present to oxygen isotope stage 3 and 4. 

Average pelagic sedimentation rates are 12 cm kyr-1 and 32 cm kyr-1 for cores P19 and 

P17, respectively. During glacial stage 2 the sedimentation rates appear to be higher 

than during stages 1 and 3, in accordance with previously reported patterns in the 

Angola Basin. 

Compared to core P19, which has a 1100 m lower recovery depth, higher 
water column OM decomposition at location Pl7 results in higher (C/N)org ratios in 
the pelagic samples and lower <') l3Corg values in stage 3. At both locations, the effect of 
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anoxic diagenesis on the amount and composition of OM, albeit subordinate to oxic 

decomposition, is significant. By removing OM with a composition remarkably close 

to the Redfield composition of fresh algal material, anoxic OM decomposition results 

in a depletion of a Nand P-rich fraction and a slight enrichment in 13c. Qualitative 

mixing trends between marine and terrestrial OM components, which are climate

controlled, seem unaffected by OM decomposition, implying that variations in the 

intensity of OM decomposition and climatic variations are in phase. 

Variations in the marine OM fluxes are controlled by variations in the 

productivity in the surface ocean, the highest productivities being found during 

glacials. These variations appear to be larger than those in terrestrial OM fluxes, 

resulting in dilution of the terrestrial signals by the marine ones at both locations. 

Nonetheless, relatively N, P, and 12Corg-depleted terrestrial OM fluxes also show a 
glacial/interglacial pattern. This pattern is controlled by variations in vegetation of the 

drainage area of the river Congo, the position of the coastline, erosion, OM recycling, 

and biomass. 
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APPENDIX 5.1: calculation and discussion of the time necessary to produce a barite 

enrichment such as in stage 2 of core P17, using Fick's first law: 

A 

!:It 

where leBa) is the dissolved Ba flux, D is the diffusion coefficient, (oc/ox) is the 

concentration gradient derived from figure 5.7, A is the area of the solid phase Ba 

enrichment (in em ppm), and At is the time necessary to produce this enrichment. 

The area of the Ba enrichment in stage 2 of core P17 (fig. 5.7) is 21. 360 (em 

ppm) = 0.156 (mol Ba em / kg sed). Recalculation using Pdry sed = 2.65 g cm-3 and <l> 

= 0.83 gives A = 7.0 X 10-5 mol Ba cm-2
. The (oc/ox) from figure 5.6 is 0.36 p,M 

m- l 
. Recalculation using DBa (2 °C)= 120 cm2 yr-] gives leBa) = 3.6 x 10-10 mol Ba 

cm 2 yr- I 
• Inserting leBa) and A in the equation gives a at of 194,000 yr. In core P19 

the (oc/ox) is 17 times higher than in P17 (fig. 5.7). Accordingly, the time necessary 

to produce an equivalent barite peak in core P19 would be 11,100 yr. 

P17 --Ba(ppm) P19 -- Ba(ppm) 
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Figure 5.7 Concentration vs. depth profiles a/pore water Ba and S04 and a/solid phase Ba. The 
dashed lines represent linear regressionjits. The hatched area is the Sa enrichment used in the 
calculation 
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In core P17, it is clear that authigenic barite formation is too slow to have a 

measurable effect on the primary barite signals. In core PI9 barite concentrations may 

be influenced by some authigenic barite formation. However, this only affects the 

solid phase Ba profile below 10 m depth, where the Ba pore water profile indicates a 

sink, and therefore has no implications for the interpretation of Ba in the major part of 

the pelagic interval in this core. 

In addition, it must be realised that the above calculations have been done 

assuming steady state, whereas in chapter 3 it is discussed that the profiles of S04 and 
HS represent a transient (non-steady) state. Consequently, the results from the 

calculations here, must be considered to indicate upper limits of potential 

mobilisation. 
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APPENDIX 6.1: Correction of sulphate data 

Pore water sampling procedure: 

1) pore water squeezing 

2) subsampling: a) sample for HS' analysis with the TRAACS autoanalyser 

b) sample for 034S measurements of HS' and SO/

+AIM ZnAcz- and a 0.5 M NazC03-solution (two 

times 100 J-tl for PI?; two times 200 J-tl for P19) were 

added to 5 ml pore water in septum-closed pyrex flasks, 

which were stored at 2°C. The pore water HS' 

precipitated as ZnS by this addition. 

c) sample for ICP sot analysis 

+100 J-tl 6 N HCI was added to 5 ml sample 

Pre-analysis oxidation of HS' to sot did not occur in subsamples a and b 

because subsample a was analysed shortly after subsampling (HS' data not affected) 

and because in subsample b HS' was precipitated as ZnS, which is not vulnerable to 

oxidation. 

Acidification of subsample c should have prevented HS' oxidation by removing 

it as HzS (g). Possibly, insufficient acid was added to compensate the high alkalinities 
of the samples. Potentially, the HS' in these samples has not been completely removed 

and has oxidised to SO/" before ICP analysis. 

The subsample most likely containing unaffected sot concentrations in the 

long run is subsample b. After removing the ZnS precipitate by filtration and addition 

of BaClz this sulphate precipitates as barite. The depth of zero sulphate was 

determined on these samples by two methods: 

1) by weighing the barite precipitate 

2) by measuring the transmission through the barite precipitate-containing sample after 

calibration with standards of known amount of barite per volume 

Both methods showed that the depth of zero sulphate in core PI? was at 8.2 m and 

that in core P19 at 12.2 m. The results of these methods were not accurate enough to 

calculate SO/"concentrations. 

These depths of zero sulphate coincide with the maxima in HS' concentrations. 

At and below this depth the HS' data from subsample a and the sulphate data from 
subsample c show more or less the same concentrations in both cores (fig. 6.1a). This 
indicates that below the depth of zero sulphate, determined from subsample b, the 
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Figure 6.1 Concentration vs. depth profiles ofpore water sol (0) and HS (solid line) in both 
cores, showing the correction ofthe sol data by subtracting the smoothed HS data; A) 
uncorrected data, B) HS data smoothed with a moving average of2 and resulting sol profile, 
C) as B with moving average of3, D) as B with a moving average of4, E) as B with a moving 
average of5. which was usedfor the jinal correction 
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majority (if not all) of the HS· has oxidised to sulphate prior to analysis of subsample 

c. 

For a correction of the SO/ data it was assumed that all HS- has been oxidised 

to SO/ prior to analysis. The correction consists of subtraction of the HS

concentration from the SO/ concentration (fig. 6.1). However, the HS- data show a 

lot of scatter. Therefore, after removing some outlyers, a moving average of 5 was 

used to smooth the HS· profile before subtraction (fig. 6.1e). 
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Samenvatting 

In dit proefschrift worden vroeg-diagenetische processen in sedimenten van het 

Angola Bekken behandeld. De besproken sedimenten werden gewonnen tijdens de 

Angola Basin Cruise in 1989 met de RlV Tyro. Porienwater monsters van boxkernen 

8, 12, 17, 19 en 28 en van pistonkernen 17, 19 en 28 worden gepresenteerd. Tevens 

werd de vaste fase van pistonkernen 17 en 19 in detail bestudeerd. 

Hoofdstuk twee behandelt een controversieel onderwerp op het gebied van de 

mariene geochemie: verschillen tussen (sub)oxische en anoxische afbraak van 

organisch materiaal (OM). Opgelost organisch koolstof (DOC) en fluorescentie 

bepalingen in het porienwater zijn gebruikt om verschillen in afbraakroutes en externe 

factoren aan te tonen. Lage en constante gehaltes van laag-moleculair gewicht 

opgelost OM (LMW DaM) in de oxische en suboxische redoxzones duiden op een 

efficiente afbraak van hoog-moleculair gewicht (HMW) DaM in LMW componenten. 

In deze redoxzones resulteren de activiteit van microbieIe grazers, de efficiente 

respiratie van O2- en N03'-gebruikende bacterien en aflopende reactiviteit van OM 

met de diepte in een efficiente afbraak van OM, met hydrolyse als de 

snelheidsbeperkende stap. In de anoxische redoxzones nemen HMW DaM 

concentraties lineair toe met de diepte, wat duidt op een diffusie-gecontroleerd proces. 

In het onderste deel van de methaan-houdende zone wordt de DaM concentratie 

constant. Dit kan mogelijk veroorzaakt worden door beperking van de afbraaksnelheid 

van OM door fermentatie. Het HMW DaM wordt omhoog getransporteerd naar de 

grens tussen de suboxische en anoxische zones. Op deze grens worden HMW 

componenten efficient afgebroken naar LMW DaM. 
In hoofdstuk drie worden porienwater profielen van sulfaat, sulfide en 

nutrienten gebruikt om het relatieve belang van sulfaat reductie door middel van OM 

afbraak ten opzichte van sulfaat reductie door middel van anoxische methaanoxidatie 

te onderzoeken. Het bleek dat in sedimenten van het Angola Bekken anoxische 

methaanoxidatie het overheersende sulfaatreducerend proces is en dat het in een dunne 

zone plaatsvindt. Methaanfluxen, die berekend zijn uit de sulfaatfluxen naar de zone 
van methaanoxidatie, varieren tussen 1.89 x 10'6 en 7.31 X 10'6 mol cm'2 jr'l. De 

nutrientfluxen wijzen op een diepe bron voor methaan. Diverse berekeningen tonen 

aan dat deze methaan afkomstig kan zijn van microbiele of thermische afbraak van 

OM, of mogelijk van instabiele gashydraten. In onze kernen, maar ook in diverse 

andere sedimenten, worden tussen drie en tien meter diepte sulfaatknikken gevonden. 

Vier mogelijke processen die tot deze knikken kunnen leiden worden besproken: 1) 
bioturbatie/bio-irrigatie, 2) een niet-evenwichtsproces veroorzaakt door turbidieten of 
erosie, 3) een niet-evenwichtsproces veroorzaakt door variaties in methaanfluxen, en 
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4) oxidatie van porienwater sulfide op de diepte van de knik. Op dit moment is een 

niet-evenwichts reactie op variaties in methaanfluxen het best beschikbare scenario. 

Hoofdstuk vier behandelt de Fe- en Mn-chemie in sedimenten van het Angola 

Bekken Met behulp van een sequentieel extractieschema zijn relatieve hoeveelheden 

van Fe- en Mn-mineralen geschat. Bovendien zijn porienwater data van Fe en Mn, en 

634S waarden van porienwater sulfaat, sulfide en van pyriet gebruikt om suboxische 

diagenese, pyrietvorming en authigenese van Fe- en Mn-mineralen te onderzoekcn. In 

de behandelde sedimenten is pyrictvorming is het voornaamste diagenetische proces 

waar Fe bij is betrokken. Het leeuwendeel van de pyriet in de bovenste delen van de 

sedimenten is gevormd in het verleden, in een open systeem op de ene locatie en in 

een gesloten systeem op de andere.Op dit moment wordt pyriet onder veellagere 

snelheden gevormd in een gesloten systeem. Lage waarden van zuur-vluchtig zwavel 
(AVS) ten opzichte van pyriet duiden op een efficiente omvorming van FeS naar 

FeSz. De pyrietvorming vindt plaats in drie zone's. In de bovenste en onderste 

reactiezone's limiteert de aanvoer van HS- naar deze zone's de vorming van pyriet. 
Dit in tegenstelling tot het HS--bevattende interval tussen deze zone's, waar 

pyrietvorming Fe-gelimiteerd is. Het is gebleken dat aanzienlijke hoeveelheden Mn 

met pyriet coprecipiteren, en weI in constante verhouding tot Fe. In het onderste deel 

van beide kernen blijkt, op grond van resultaten van de sequentiele extractie, vorming 

van authigene carbonaten plaats te vinden. Deze carbonaten bevatten Ca, Mg, Fe en 

Mn en vertegenwoordigen mogelijk mineralen als ankeriet, sideriet en dolomiet. 

In hoofdstuk vijf worden diverse invloeden op de bulk-isotoopsamenstelling en 

de elementsamenstelling van OM besproken, zoals het afzettingsmilieu, klimaat en 

diagenese. Sedimenten in het lagere deel van de kernen bestaan uit turbidieten, terwijl 
de bovenste delen voornamelijk pelagisch zijn afgezet. Het OM in turbidieten heeft 

hogere (C/N)- en negatievere o13C-waarden dan het OM in pelagische monsters, 
waaruit zijn meer uitgesproken terrestrische oorsprong blijkt. Het effect van anoxische 

diagenese op de hoeveelheid en samenstelling van OM, zei het ondergeschikt aan 

oxische afbraak, is significant. Het resulteert in een verarming van een N- en P-rijke 

fractie en een lichte verrijking van 13Corg' De atbraak van OM lijkt echter geen effect 

te hebben op het, door het klimaat beinvloede, kwalitatief mengen van mariene en 

terrestrische OM componenten. Variaties in de mariene OM fluxen worden 

gecontroleerd door variaties in de productiviteit in het bovenste deel van de oceaan, 

waar de hoogste productiviteiten gevonden worden tijdens glacialen. Deze variaties 

blijken groter te zijn dan die in terrestrische OM fluxen, wat resulteert in verdunning 

van de terrestrische signalen door de mariene op beide locaties. Dit neemt niet weg 
dat relatief N-, P- en 12C-verarmde, terrestrische OM fluxen eveneens een glaciaal/ 

interglaciaal patroon vertonen. Dit patroon wordt gecontroleerd door variaties in de 
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vegetatie in het stroomgebied van de Congo rivier, de positie van de kustlijn, erosie, 

OM hergebruik, en biomassa. 
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