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SEDIMENTS AND THEIR APPLICATION TO PALEOCEANOGRAPHY 

By Germain Bayon 

Studies of past ocean circulation and, in particular, the behaviour of North Atlantic Deep Water (NADW), are crucial to 
improving understanding of the potential links between the oceans and climate-change. Previously, conventional 
paleoceanographic proxies have provided a wealth of information concerning deep ocean circulation throughout the Late 
Quaternary. However, development of additional, novel tracers continues to help improve our understanding of this 
complex natural environment. In this thesis, the use of radiogenic isotopes (Sr and Nd) as paleoceanographic proxies has 
been investigated. The study has focussed on five sediment cores from the southeast Atlantic (Angola and Cape Basins), a 
key area for monitoring the behaviour of NADW over glacial-interglacial time-scales. 

In these sediments, the Sr and Nd isotopic compositions of both detrital and Fe-Mn oxyhydroxide fractions have been 
analysed to investigate evidence for changes in deep ocean circulation in the SE Atlantic throughout the Late Quaternary. 
A sequential leaching procedure for marine sediments has been developed which can be used to separate both Fe-Mn 
oxides and the detrital fraction for isotopic analysis. For any given sample, this procedure allows one to make use of two 
independent paleoceanographic proxies; a) the isotopic composition of the detrital fraction - as a tracer of the provenance 
and flow trajectory of local bottom-water at the time of deposition; b) the isotopic composition of the Fe-Mn component -
taken to record the isotopic composition of contemporaneous deep-water. 

Isotopic analysis of the detrital fractions from the studied cores has revealed three main sources of terrigenous material to 
the deep SE Atlantic: a) clays delivered to the Atlantic by the Congo River and transported south by NADW; b) material 
from the SW Atlantic province, advected north by Circumpolar Deep Water (CDW); c) aeolian dust blown from the 
Namib Desert. Nd isotopic compositions in the detrital fractions are consistent with the modern-day hydrography of the 
deep South Atlantic, in surficial samples, and exhibit glacial-interglacial cyclicity down-core. Sr isotopes do not exhibit 
such regular cyclicity because Sr-rich authigenie barite strongly influences detrital compositions. A mixing model shows 
that the influence of Congo River material decreased in the glacial SE Atlantic, whilst the contribution from southwestern 
Atlantic clays increased. This is in agreement with previous studies which have indicated that the relative influence of 
NADW in the SE Atlantic decreased during the last glacial maximum. Here, modelling of mass accumulation rates of each 
individual detrital source provides new evidence concerning absolute changes in CDW and NADW flow. While efficient 
southward transport of Congo River clays (by NADW) apparently persisted throughout the Late Quaternary, northward 
advection of SW Atlantic clays (by CDW) appears to have increased significantly during glacial maxima. This would be 
consistent with an enhanced flow of CDW being responsible for any apparent weakening of NADW in the glacial South 
Atlantic Ocean. 

The major, trace, rare earth element (REE) and Nd isotopic compositions of Fe-Mn oxyhydroxide fractions have also been 
analysed to evaluate their potential for paleoceanographic studies. Our data show that early diagenetic processes, 
specifically the adsorption of P onto Fe-oxyhydroxides, can both control and fractionate REE distributions in sediment Fe-
Mn fractions. This suggests that diagenetic re-distribution of the REE may lead to an homogenisation, at least in part, of 
the Nd isotopic composition of Fe-Mn leachates. In addition, this study confirms that contributions from aeolian and river-
borne Fe-Mn oxides can influence the Nd isotopic composition of Fe-Mn oxyhydroxide fractions significantly. 
Nevertheless, a glacial-interglacial cyclicity is observed for the Nd isotopic composition of Fe-Mn leachates from the 
northern Cape and Angola Basin cores; this is attributed to variations in the flux of aeolian Fe-oxides from the Namib 
desert. Such wind-blown Fe-oxides appear to be resilient to early diagenetic processes, even under strongly reducing 
conditions. This suggests that similar aeolian material may represent a significant fraction of the Fe-Mn oxyhydroxide 
component in other marine sediments. 

This study has demonstrated an exciting potential for the future use of radiogenic isotopes (Nd, Hf?, Os?) in marine 
sediments for paleoceanographic investigations. While the case for detrital/provenance determinations may be relatively 
straightforward, isotopic investigations of Fe-Mn fractions may be more problematic - specifically one should pay 
particular attention to the diagenetic/redox history of any samples under consideration. 
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Chapter 1 

Introduction 

1.1 Preface 

The study of ice and marine sediment records has documented dramatic past 

changes, which show how quickly and profoundly the climate system may be 

destabilized (e.g. Leuenberger et al., 1992; Bond et al., 1992, 1993, 1997; Dansguaard 

et al., 1993; Indermiihle et al., 1999). The little ice age, for example, began suddenly 

in the 13*̂  century and peaked in the 17̂ ^ before releasing its grip some 200 years ago 

(e.g. Grove, 1988). At its height, there was a wide spread famine across northern 

Europe and Londoners frolicked at Frost Fairs on the frozen River Thames. Similar 

"climatic surprises" have also been documented in the ice records from Greenland 

showing local fluctuations in temperature of order 10°C taking place over just a few 

decades (e.g. Dansguaard et al., 1993). Such rapid climate changes, called 

Dansgaard/Oeschger or D/O events, lasted between 500 and 2000 years, and occurred 

more than 20 times during the last glacial and the transition towards the Holocene. 

These abrupt changes can be considered as artefacts of the climate. They graft on to 

the major interglacial-glacial 'wobble' which has characterised the Earth's climate 

since the Late Pliocene. Major glacial periods have occurred repeatedly every 

100,000 years and differ drastically from modem conditions. During the last glacial 

maximum (the period of interest in this study), around 20,000 years ago, sea-level fell 

between 100 and 120m and ice cover extended south to New York in North America, 

and to Southern England in Europe. 

All these issues are not only historical curiosities or past climate anomalies, they 

forewarn us of the possibilities arising from modem climate change. Climate change 

signals during these periods provide a bench-test for general circulation models, 

which are relied upon, increasingly, to predict potential effects of greenhouse 

warming. 
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The transport and distribution of heat around the Earth is effectively achieved by 

the means of thermohaline ocean circulation, which acts as a climate regulator 

(Broecker, 1991). At present, deep-water formed in the North Atlantic flows 

southward to the circum-Antarctic Southern Ocean. Circumpolar waters then flow to 

the Indian and Pacific oceans, where they upwell and return to the North Atlantic as 

intermediate and surface waters. At the end of this great 'conveyor belt', warm and 

salty waters of the Gulf Stream release heat, maintaining mild temperatures in Europe. 

Past climate changes have been linked to the reorganization of the mode of 

thermohaline circulation (Bond et al., 1993; Charles et al., 1996). Broecker and 

Denton (1989) first suggested that a complete shutdown of the North Atlantic Deep 

Water (NADW) before the last glacial maximum could have triggered global cooling 

by switching-off the thermohaline circulation. Ever since, climate change researchers 

have strived to elucidate the behaviour of deep Atlantic flow over the Late 

Quaternary. Although much attention has been paid to ocean circulation during the 

last glacial maximum, since Broecker and Denton's hypothesis, the behaviour of 

glacial NADW has still not been fully understood yet. Primarily, this is because the 

set of paleoceanographic proxies which are commonly used simply does not allow it. 

The best area in which to monitor fluctuations in the formation rate of NADW is 

the South Atlantic and adjacent Southern Ocean, where the deep Atlantic flow meets 

with Circumpolar Deep Water (Charles and Fairbanks, 1992). The circum-Antarctic 

deep waters represent a mixture of NADW and recirculated deep-water from the 

Indian and Pacific oceans. Therefore, in the absence of any NADW influence, the 

seawater characteristics of the southern water masses should shift toward Indo-Paciflc 

values. 

In the next paragraph, the advantages and limitations of each of the most frequently 

used paleoceanographic proxies will be reviewed briefly. In the South Atlantic, the 

use of these conventional paleoceanographic proxies led to conflicting results, 

emphasizing that additional proxies of deep-water circulation were needed. 

Whereas 8^C (Charles and Fairbanks, 1992; Bickert and Wefer, 1999) and 

carbonate dissolution records (Bickert and Wefer, 1996) indicated that the chemical 
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properties of glacial bottom water in the South Atlantic resembled contemporaneous 

deep water in the Pacific Ocean, implying a strong reduction of the export of NADW 

to the Southern Ocean, other proxies such as Cd/Ca, Ba/Ca and ^^'Pa/ argued for 

the presence of a strong NADW component mixed in the circum-Antarctic waters 

(Lea and Boyle, 1990; Boyle, 1992; Yu et al., 1996; Marchal et al., 2000). Recently, 

Rutberg et al. (2000) showed, for the first time, that dispersed ferromanganese (Fe-

Mn) oxides from deep-sea sediments could accurately preserve the Nd isotopic 

signature of past deep-water masses and, therefore, be used to trace changes in deep 

ocean paleocirculation. This represents a major breakthrough in paleoceanography. 

We will review later on what the advantages are of using Nd isotopes as 

paleoceanographic proxies but Rutberg and co-workers demonstrated that the 

influence of NADW was significantly reduced in the Southern Ocean during the last 

glacial maximum. 

This, in brief, states the advance of the research concerning the history of deep 

Atlantic flow during the last glacial maximum. But several issues still remain to be 

addressed. 

1) Concerning the use of this new tracer: the ''̂ ^Nd/ '"̂ "̂ Nd ratio of the Fe-Mn 

oxyhydroxide fraction of marine sediments. A wide application of this novel tracer is 

complicated by the evidence that Fe-Mn oxyhydroxide phases are sensitive to early 

diagenetic remobilization in marine sediments, and that ~ 30% of the world's ocean 

receives a significant flux of wind-blown particles, a potential source of aeolian Fe-

oxides to the seaGoor. Before assessing the potential of the ^'^d ratio as a 

paleoceanographic proxy, therefore, one must first investigate how both early 

diagenesis and aeolian contributions may affect the initial seawater signal recorded by 

the Fe-Mn oxyhydroxide fraction of marine sediments. 

2) Most paleoceanographic proxies, including Fe-Mn oxide phases, act as 

direct or indirect tracers of the chemical composition of past water masses. In the 

South Atlantic, therefore, these tracers can only provide information on the relative 

degree of mixing between NADW and Circumpolar Deep Water (CDW) during the 

Late Quaternary; they are of little help in identifying wAfcA of these two water masses 

is responsible for the apparent decreased influence of glacial NADW flow in the 
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Fig. 1.1. Comparison of Cd/Ca and S^C data from Cape Basin cores RC 13-228 and 
RC 13-229 with eastern tropical Pacific core TR163-3 lb (from Boyle and 
Rosenthal, 1996). Cd/Ca ratios have remained constant over the last 25 kyrs, 
arguing for the continuous presence of a strong NADW component in South 
Atlantic waters. By contrast, the negative dl3C values during the last glacial period 
imply that a strong reduction of the export of NADW to the glacial Southern Ocean. 
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Southern Ocean. A proxy which would help reconstruct the Late Quaternary history 

of CDW and NADW, independently, would provide precious paleoceanographic 

information. We will see, later, that using the Nd isotopic composition of the detrital 

fraction of southeast Atlantic sediments can allow one to determine the provenance of 

the sediment and to infer past variations associated with each of NADW and CDW. It 

will be argued that the reduced relative influence of NADW during the last glacial 

maximum was probably due to an enhanced flow of southern-water masses rather 

than any weakening of the deep Atlantic flow itself 

3) Finally, because no standard chemical procedure had previously been 

established for the extraction of both detrital and Fe-Mn fractions of sediments, the 

first priority has been to develop a robust method which can be used to separate clay-

rich and Fe-Mn oxide factions from a marine sediment sample prior any isotopic 

analysis for paleoceanographic proxies. 

In the next section (1.2), the advantages and limitations of each of the most 

frequently used paleoceanographic proxies are reviewed briefly. Next, the properties 

of radiogenic isotopes (e.g. Nd, Sr, etc) in the marine environment which make them 

complementary and particularly suitable tracers of present and past deep-water masses 

are explained (sections 1.3, 1.4) and limitations to the approach discussed (1.5). 

Finally, the chapter ends with an outline of the structure of the Thesis as a whole 

(1.6). 

1.2 Overview of the proxies used for tracing past deep-water 

circulation 

Only few proxies have been identified which can be exploited as tracers of past 

water masses and ocean circulation. Table 1.1 briefly reviews those tracers that are 

most commonly used, including the two new proxies that we will assess in this study; 

the ''̂ •'Nd/ ' ' ^ d isotopic composition of both the Fe-Mn oxyhydroxide and detrital 

fractions. 
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There are two sorts of tracers which can be used to infer past changes of deep-ocean 

circulation. The first category, and the most common one, groups together those 

tracers that record, directly or indirectly, the past composition of seawater. The 

second category concerns the tracers which give information on past ocean fluxes. 

1.2.1 Tracers of oceanic chemistry 

Among those proxies which record the past composition of seawater, 5^^C, Cd/Ca 

and, to a lesser degree, Ba/Ca records of benthic foraminifera have played a key role 

in showing that deep circulation of the glacial oceans was significantly different from 

today (e.g. Boyle and Keigwin, 1982; Curry et al., 1988, Duplessy et al., 1988; 

Samthein et al., 1994). 6'^C, Cd and Ba are nutrient proxies in the sense that their 

distributions in the ocean are controlled primarily by biological cycling, in addition to 

deep-water circulation patterns. Like the nutrients (e.g. phosphate, nitrate, silicate), 

the vertical profiles of Ba and Cd distributions in the ocean typically exhibit an 

increase with depth, reflecting the process of recycling (remineralization) of organic 

matter as it sinks through the water column. Ba serves as a tracer of refractory 

nutrients (e.g. Si), which are regenerated in the deep ocean, whereas Cd behaves 

similarly to labile nutrients with shallow regeneration (e.g. P, N). As the deep 

Atlantic flow, formed in the North Atlantic, progresses south toward the Southern 

Ocean and onward into the Indian and Pacific oceans, therefore, it becomes 

progressively enriched in both Ba and Cd (Boyle, 1992; Lea, 1995). As a 

consequence, the use of these proxies in benthic foraminifera tests primarily reflects 

the ages of the water masses from which they have precipitated. 
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Table 1.1 Review of most common tracers of past deep-ocean circulation 

Material 
analysed 

Traced proxy Advantages Limitations Implications for LGM deep 
circulation 

Tracers of ocean chemistry 

Cd/Ca 

Benthic 
forams 

Benthic 
forams 

Dissolved Easy and rapid data 
acquisition 

Labile nutrients with Long residence time 
shallow regeneration of cd in the ocean® 
(P, N) 

Affected by productivity; the 

'Mackensen effect"^' 

Variability in the mean 

ocean composition^ 

Affected by dissolution of 

carbonates®' Chemical 

analysis difficult 

Recent studies are globally 
in agreement with a 
reduction of the formation of 
NADW during the last glacial 
maximum^, but Southern 
Ocean Cd/Ca and Ba/Ca 
records suggest minor 
glacial-interglacial 
variations'*. 

Ba/Ca Benthic Refractory nutrients 
forams with deep 

regeneration (Si, 
alkalinity) 

Affected by both productivity 

effects^ and dissolution of 

carbonate®' Short residence 

of Ba in the ocean ( - 1 0 kyr)® 

Glacial reduction of NADW 
formation implied by Ba/Ca 
is usually much greater than 
that implied by Cd/Ca and 

clay minerals 
kaolinite/chlorite 
ratio 

Clay fraction Clay fraction 
transported by deep 
water masses 
(kaolinite by NADW, 
chlorite by CDW) 

Easy and rapid data 
acquisition, suitable 
in regions with poor 
carbonate 
preservation 

Affected by weathering 
processes^" which change 
the clay mineral load carried 
by each water mass; No 
quantification possible 

All studies indicate that the 
contribution of clays 
transported by NADW was 
lower during glacial 
episodes^\ 

''"^Nd/ Fe-Mn oxide Direct seawater 
fraction ^"^Nd/ 

Not influenced by 
productivity effects, 
direct measurement 
of past seawater 
composition 

fH lS STUDY (diagenetie 
effects, aeolian 
contamination) 

The only highi-resolution 
study dealing with this proxy 
shows that the influence of 
NADW in the South Atlantic 
was greatly reduced dating 
glacial periods'^. 

THIS STW#Y 

Tracers of oceanic flux 

231 230yh Bulk 
sediment 

Scavenging of 
particles as a 
function of time 

143, Nd/ i^Wd 

Tracer of flux, no Affected by productivity, lack 
sediment preparation ofdata^® 

Detrital clay- Provenance of the 
rich fraction terrigenous 

component 

THIS STUDY 
(iRdepetidefit -
determination of the 
fltrx of material 
transported by 
different water 
masses -
quanflflGation) 

Suggest that the export of 
glacial NADW to the 
Southern Ocean was not 
significantly different from 
the modern ocean^"*. 

THIS STUDY (lack of isotonic 
data for modem sediments, 
tew reliability in slowly 
accumulated sediments ?) 

THIS STUDY 

References 
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3 - Martin and Lea (1998), Oppo and Horovifz (2000) 
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Among the main limitations of using these tracers for paleoceanographic studies, 

it has been reported that changes of the Ba/Ca and S'^C signature of the mean ocean 

are expected to take place on timescales of glacial-interglacial transitions, therefore 

making difficult any approach of quantification of deep-water changes (e.gi Chan et 

al., 1977; Shackleton et al., 1983; Curry et al., 1988; Curry and Oppo, 1997). 

In addition, the 6^C values of benthic foraminifera can depart significantly from the 

8^C of bottom-water dissolved organic carbon when overlying surface ocean 

productivity is high. In these highly productive areas, the decay of organic matter 

within the sediments reduces the '^C/'"C ratio in pore waters and influences the 

value of the foraminifer shells (e.g. Mackensen et al., 1993; Bickert and Wefer, 

1999). Likewise, benthic foraminiferal Cd/Ca and Ba/Ca values can be also biased, 

significantly, by calcite dissolution (McCorkle et al., 1995). 

Most paleoceanographers have relied preferentially upon and Cd/Ca records 

to reconstruct the configuration of past deep-water masses. In addition, the 

terrigenous fraction of deep-sea sediments may also serve as useful mineralogical 

tracers of past water masses, especially in areas with poor preservation of carbonates 

(e.g. Dieckmaim et al., 1999). For example, gravel concentrations can be used to 

estimate rates of paleo ice-rafting (e.g. Heinrich, 1988). Terrigenous silt grain size 

properties are also an important tool in assessing the strength of paleo bottom currents 

(Ledbetter, 1986; McCave et al., 1995; Hall et al., 2001). In the South Atlantic, the 

clay mineral distribution in deep-sea sediments is also strongly influenced by deep-

water circulation (e.g. Biscaye, 1965; Chamley, 1965). In particular, kaolinite 

originates essentially from low-latitude tropical rivers (mainly the Congo River) and 

traces advection of northem-sourced deep-water (i.e. NADW) to the south. By 

contrast, chlorite from high-latitudes in the southern hemisphere (Antarctic Peninsula 

and South America) is exported via northward advecting southem-sourced water 

masses (Antarctic Bottom Water (AABW) and CDW). As a consequence, latitudinal 

and water-depth related patterns of the kaolinite/chlorite ratio in South Atlantic 

surface sediments perfectly match the modem pattern of deep-water mass distribution 

(Petschick et al., 1996). Studies of South Atlantic sediment cores reveal that 

latitudinal gradients of the kaolinite/chlorite ratio persisted throughout the Late 

Quaternary, and show that downcore variations of the kaolinite/chlorite ratio reflect 
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shifts in deep-water mass extensions over glacial-interglacial cycles (Dieckmann et 

al., 1996, 1999; Gingele and Schmield, 1999). Nevertheless, widespread use of clay 

minerals as paleoceanographic proxies is limited due to several factors. First, the clay 

mineral load transported by any water mass is expected to change significantly along 

the flow course due to the differing settling velocities of different clay minerals 

(Whitehouse et al., 1960; Gibbs, 1977). Second, the clay mineral assemblage carried 

by any water mass is dictated, strongly, by the conditions of continental weathering 

which prevail where they originate (e.g. Biscaye, 1965). For example, the clay 

mineral load delivered by the Congo River has varied significantly over the Late 

Quaternary in response to changes in continental weathering conditions (e.g. 

Schneider et al., 1997). Therefore, it is clear that the clay mineral load transported by 

NADW or CDW has probably changed over glacial-interglacial episodes, precluding 

any quantitative approach. Finally, in common with nutrient proxies, the main 

limitation of using the kaolinite/chlorite ratio in South Atlantic sediments is that one 

cannot decipher which water mass is responsible for controlling the changes in 

relative influence which are observed. 

1.2.2 Tracers of oceanic flux 

Sedimentary "^'Pa/ '^"Th ratios fall into a second category of tracers which can be 

used to inf^ past changes of deep-ocean circulation. The use of ^̂ °Th ratios in 

sediments and, as we will see later on, of detrital ^'^d ratios can give 

information on past ocean fluxes. Applying the use of uranium-series radionuclides to 

Atlantic sediments has recently brought new insights into the history of NADW 

during the last glacial maximum (e.g. Yu et al., 1996; Marchal et al., 2000). ^̂ P̂a and 

^^°Th are generated from the radioactive decay of and in seawater at 

precisely known rates. They are then scavenged fi-om solution by adsorption onto 

sinking particles and deposited to the underlying sediments (Anderson et al., 1983a,b; 

Bacon, 1988). The residence time with respect to scavenging in deep waters is shorter 

for ^^°Th (~ 30 yrs) than for ^^'Pa (~ 200 yrs, Yu et al., 1996); this latter value being 

comparable to the mean ventilation time of the modem deep Atlantic (100-275 yrs -

Broecker, 1979; Stuiver et al., 1983 - i.e. the time spent by NADW to reach the 

Southern Ocean). As a consequence, a relatively large fraction of the ~^'Pa produced 

in the modem Atlantic is able to be exported to the Southern Ocean via NADW. This 
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is reflected in the ^^Pa/ ratios of recent Atlantic sediments, which are generally 

below the production ratio of the two radionuclides in the water column (Yu et al., 

1996; Walter et al., 1999). Because the same effect would not be expected in the 

absence of NADW, analyzing the ^^'Pa/ ratio of Atlantic sediments deposited 

during the last glacial maximum can give information on the glacial flux (or export) 

of NADW. Yu et al. (1996) showed that glacial Atlantic sediments also exhibited a 

^^'Pa depletion and concluded, therefore, that the export of NADW to the Southern 

Ocean during the last glacial maximum and modem-day was similar. 

The main limitation of using sedimentary ^^'Pa/ ratios for paleoceanographic 

studies is that scavenging of these nuclides is controlled by productivity and 

influenced by particle composition significantly (e.g. Bacon, 1988; Chase et al., 

2001). For example, this latter novel study suggests that the afGnity of scavenging 

particles for Pa increases with their increasing opal content while the affinity the 

affinity of particles for Th increases with increasing carbonate content. Taking into 

account the biogeochemical cycling of Pa and Th in the water column, a recent 

circulation ocean model leads to the conclusion that the current uncertainties in the 

North Atlantic mean ^^'Pa/ ^^°Th cannot rule out a 30% decrease of the thermohaline 

circulation at the last glacial maximum (Marchal et al., 2000). 

1.3 The Nd isotopic composition of the detrital fraction in marine 

sediments: Tracer of provenance and paleoceanography 

The decay systematics of Sm-Nd and Rb-Sr isotope systems have been applied to 

marine sediments since the late 1960s, establishing radiogenic isotope geochemistry 

as an important tool in this field (e.g. Dasch, 1969, Faure, 1986). The first application 

of Sr isotopes to sediments was to date the time of deposition of sediments and 

sedimentary rocks (Bofinger and Compston, 1967). 

In the modem ocean, significant input of detrital material is mainly driven by the 

large river systems, aeolian dust fluxes, and glaciogenic material A-om the Polar 

Regions, with most of this material being trapped on the continental shelves. 

Transport of terrigenous particles to the deep basins is primarily achieved by deep and 

bottom-water advection, long distance aeolian fluxes and, to a lesser degree, by 
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gravity processes from continental margins or oceanic islands and ice-rafting (e.g. 

Stow, 1994). In marine sediments, the relative proportion of each clay mineral 

usually reflects the global petrological nature of the contributing sources (Chamley, 

1989; Petschick et al., 1996) but, unfortunately, is not sufBciently discriminating to 

distinguish the source of any sediment unequivocally (see section 1.2). This lack of 

reliable source proxies in marine sediments has helped promote the use of radiogenic 

isotopes as a tool for tracing the provenance of the terrigenous fraction in marine 

sediments (e.g. McCulloch and Wasserburg, 1978; Grousset et al., 1988, 1998; Nakai 

et al., 1993; Jones et al., 1994; Revel et al., 1996; Innocent et al., 1997; Parra et al., 

1997; Hemming et al., 1998; Asahara et al., 1999; Walter et al., 2000a; Weldeab et 

al., in press; Goldstein et al., submitted). 

In marine sediments, a key observation concerning radiogenic isotopes is that 

clays and other silicate minerals retain their isotopic signature during all of: 

continental weathering, sediment transport and diagenesis. Due to large variations in 

the age, history and geochemistry of continental sources, a wide geographical range of 

e.g. Sr, Nd, Pb isotopic signatures are observed throughout the continents (e.g. 

Goldstein et al., 1984; Goldstein and Jacobsen, 1988). Therefore, isotopic analyses of 

terrigenous fractions from marine sediments can provide direct and quantitative 

information on the provenance of any sediments under investigation (e.g. McCulloch 

and Wasserburg, 1978; Grousset et al., 1988, 1998; Nakai et al., 1993; Jones et al., 

1994; Revel et al., 1996; Innocent et al., 1997; Parra et al., 1997; Hemming et ai., 

1998; Asahara et al., 1999; Walter et al., 2000a; Weldeab et al., in press; Goldstein et 

al., submitted). A good application of the utihty of radiogenic isotopes as provenance 

tracers has been the study of aeolian dust from Antarctic ice-cores. When compared 

to potential Antarctic, Australian, Southern African and South American sources, Sr 

isotope ratios clearly show a Patagonian provenance of that dust (Grousset et al., 

1992; Basile et al., 1997). Similarly, using Nd isotopes, Grousset et al. (1988) 

showed, clearly, that the influence of Saharan dust, transported westward by the 

equatorial trade winds, was recorded in Atlantic surficial sediments as far as the 

Caribbean Sea. 

Arising from this potential of radiogenic isotopes to trace sediment provenance, 

high-resolution studies of marine sediment cores can be used to deduce sediment 
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input variations and, therefore, to constrain past fluctuations in e.g. wind-regimes or 

deep-ocean circulation. Recently, Rutberg (2000) and Goldstein et al. (submitted) 

reported the first high-resolution record of detrital ® Ŝr/ ®̂Sr in a deep-sea core, and 

provided the first evidence of how powerful this approach can be. Their results show, 

indeed, that over the last 60 kyr, variations of the Sr isotopic composition of the 

detrital fraction are remarkably coincident with shifts in benthic foraminiferal S'^C, 

demonstrating that the terrigenous deep-sea sedimentation responds in phase with 

climate-driven paleoceanographic changes. 

1.4 The Nd isotopic composition of the Fe-Mn oxyhydroxide fraction 

in marine sediments: the isotopic composition of seawater; modern 

and past ocean circulation 

The degree to which different radiogenic isotope ratios vary geographically within 

the oceans generally reflects their elemental residence times. These residence times are 

calculated as the ratio of the ocean reservoir for any element to either the total input into 

the ocean or the total flux to pelagic sediments (Li, 1982). Because strontium has a 

residence time of several million years - i.e. much longer that the ocean mixing time of 

-1500 yrs - strontium isotope ratios are typically uniform throughout the oceans and, 

therefore, are particularly suitable for tracing changes that have affected the global 

ocean over timescales of > 10^ years (e.g. Broecker and Peng, 1982; Burke et al., 1982). 

Similarly, osmium (Os) has a residence time of -lO'̂  yrs, which is greater than the 

ocean mixing time (e.g. Oxburgh, 2001 and refs therein) and its isotopic composition is 

relatively uniform in the ocean (e.g. Sharma et al., 1997; Levasseur et al., 1998; Burton 

et al., 1999a). Due to an efficient scavenging by settling particles, the oceanic residence 

time of Nd is ~ 200-1000 yrs (e.g. Elderfield, 1988; Tachikawa et al., 1999), i.e. of the 

same order as the deep ocean mixing time; that of Pb is even shorter ~ 80 yrs (Craig et 

al., 1973). Because of their short residence times, Nd and Pb isotopic compositions 

vary between different ocean basins and each water mass possesses its own distinct 

isotopic composition (e.g. Piepgras et al., 1979, von Blanckenburg, 1999). For 

example, NADW is characterized by relatively nonradiogenic Ĝ d values of — 1 4 

(Piepgras and Wasserburg, 1987), which reflects the contribution of old cratonic areas 

11 
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to the Atlantic Ocean. By contrast, Pacific Deep Waters have SNd values of — 4 

(Piepgras and Jacobsen, 1992 ; Shimizu et al., 1994), which clearly point towards an 

input of Nd from the young Pacific volcanic Belt (and/or hydrothermal activity?). 

Another property of radiogenic isotopes is that, unlike stable isotopes (e.g. C or O), 

they are not fractionated measurably by physical, biological or chemical processes 

during their incorporation into authigenic phases. As a consequence, the ^^^d 

ratio and Pb-isotope ratios recorded by an authigenic phase may faithfully replicate the 

signature of the seawater from which they precipitate and, therefore, can be useful for 

tracing the advection and mixing of oceanic water masses (e.g. Abouchami and 

Goldstein, 1995; Abouchami et al., 1997; AlbarWe, 1997; Albarede et al., 1997; 

Christensen et al., 1997; Ling et al., 1997; Frank and O'Nions, 1998; Jeandel et al., 

1998). This is shown clearly by the consistency between Nd and Pb isotopic variations 

in surficial Fe-Mn deposits from the Southern Ocean and present-day bottom-water 

circulation in this region (Albarede and Goldstein, 1992; Albarede et al., 1997; 

Abouchami and Goldstein, 1995). 

Various authigenic deposits have been used to infer the Nd isotopic composition 

of past water masses. For example, fossil fish teeth, and other biogenic phosphatic 

material, incorporate most of their Nd after deposition on the seafioor and acquire the 

isotopic signature of local bottom-waters, which they apparently preserve during 

subsequent burial (e.g. Wright et al., 1984, Shaw and Wasserburg, 1985, Martin and 

Haley, 2000). There have been numerous studies of the temporal variations of 

different isotopic systems in the oceans as recorded by Fe-Mn crusts and nodules (e.g. 

Abouchami et al., 1997; Burton et al., 1997, 1999b; Christensen et al., 1997; Ling et 

al., 1997; Frank and O'Nions, 1998; O'Nions et al., 1998; Reynolds et al., 1999, 

Claude-Ivan^ et al., 2001). Both crusts and nodules grow slowly, at a rate of a few 

mm per Myr and, therefore, provide an integrated signal of seawater chemistry 

averaged over million year time scales. Accordingly, such studies are most suitable 

for monitoring circulation changes linked to major tectonic events. Burton and co-

workers (1997), for example, suggested that the closure of the Central American 

Isthmus, some 4 Ma ago, cut off the central Atlantic Ocean fi-om the input of Pacific 

water and, consequently, shifted Atlantic deep-water composition toward less 
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radiogenic Nd isotope values. However, a few isotopic studies with a very high 

sampling resolution (~ 200p.m) have also produced some isotopic data which cover 

the Late Quaternary period (e.g. Abouchami et al., 1997; Christensen et al., 1997; 

Claude-Ivanaj et al., 2001). • 

In order to resolve fluctuations over shorter-term periods, e.g. those relevant to 

Quaternary climate change, it is preferable to study authigenic minerals which are 

deposited at higher resolution within the continuous records of marine sediment cores. 

In one novel approach. Burton and Vance (2000) have used cleaned planktonic 

foraminifers. These authors have analyzed the Nd isotopic composition of calcific 

shells of foraminifers from Bay of Bengual Late Quaternary sediments, in the 

northeast Indian Ocean. Their results exhibit a remarkable glacial-interglacial 

cyclicity which demonstrates, clearly, the link between climate change and variations 

in radiogenic isotopes in the oceans. Other recent studies, following the pioneer work 

of Palmer and ElderGeld (1986), have explored the use of the dispersed Fe-Mn 

authigenic component of marine sediment cores as a potential tool to resolve glacial-

interglacial paleoceanographic changes (Rutberg et al., 2000, Goldstein et al., 2000, 

Piotrowski et al., 2000, Bay on et al., 2001, Wolff-Boenisch et al., 2001, Tachikawa et 

al., 2001). Fe-Mn oxyhydroxides can be found in marine sediments as a cement 

between individual particles or coatings around foraminifers. They are thought to 

acquire their Nd isotopic signature after deposition at the sediment-water interface 

and, therefore, to provide a true record of the isotopic composition of past bottom-

water masses. Rutberg et al. (2000) have analysed two sediment cores Arom the 

southern Cape Basin, South Atlantic. They report down-core variations of '"̂ ^Nd/ 

''^^d ratios of Fe-Mn leachates, which match the climate signal of benthic 

foraminifera rigorously and which they attribute to changes in deep-water circulation. 

This study has demonstrated, for the first time, how sensitive the use of '̂*̂ Nd/ ' ' ^ d 

ratios in the dispersed Fe-Mn component of marine sediments could be for tracing 

past deep-circulation over the Late Quaternary period. 
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1.5 Unresolved questions and potential limitations of Nd isotopes as 

paleoceanographic tracers 

In natural sciences, the introduction of any new proxy is invariably accompanied 

by discovery of 'anomalous cases' which, until they are fully resolved, suggest 

important limitations to the widespread use of this new proxy. In this regard, the use of 

Nd isotopes to trace past ocean circulation is no exception. Indeed, in the past few 

years, a variety of independent isotopic studies have raised questions about the use of 

radiogenic isotopes as reliable tracers of past water masses (e.g. Jeandel et al., 1995, 

1998; Frank et al., 2001; Claude-Ivan^ et al., 2001; Lacan and Jeandel, 2001; von 

Blanckenburg and Nagler, 2001). 

First, concerning the seawater signal recorded in Fe-Mn crusts. The interpretation 

of depth-proGles of radiogenic isotopes in NW Atlantic Fe-Mn crusts is still a matter of 

debate. There are those who consider that Fe-Mn crusts truly record deep-circulation 

changes (e.g. Burton et al., 1997, 1999) and those who believe, instead, that NW 

Atlantic crusts record changes of continental weathering intensity (e.g. von 

Blanckenburg and O'Nions, 1999; von Blanckenburg and Nagler, 2001). Two other 

recent studies have also suggested that Amazon (Claude-Ivanaj et al., 2001) and Congo 

(Frank et al., 2001) river discharges could influence the isotopic composition of marine 

hydrogenous Fe-Mn crusts significantly, on a local scale. Frank et al. (2001) show 

clearly that the Fb isotopic composition of a Fe-Mn crust's surface in the Angola Basin 

includes a Congo River 'signature'. Analysing the rare-earth element (REE) and Nd 

isotopic compositions of metalliferous sediments from East Pacific Rise ridge-flanks, 

Sherrell et al. (2000) also suggest that past changes in the style of continental 

weathering might have affected the REE and Nd isotopic composition of seawater. 

Second, some isotopic studies of marine sediments have also suggested similar 

problems of contamination. Grousset et al. (1988) showed that there was a general 

agreement between the terrigenous and the authigenic SNd signatures in North Atlantic 

sediments, both indicating influence from Saharan dusts, which seemed to indicate a 

close relationship between aeolian input and the isotopic composition of Fe-Mn oxide 
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material within the underlying sediments. This has been supported further by recent 

studies of Mediterranean sediment cores, which suggest that the Nd isotopic 

composition of Fe-Mn leachates is strongly influenced by both Saharan dust and the 

changing intensity of the Nile River discharge (Freydier et al., 2001; Tachikawa et al., 

2001X 

Finally, a further limitation is apparent from direct analyses of the REE and Nd 

isotopic composition of seawater (e.g. Piepgras and Wasserburg, 1982; Jeandel et al., 

1995, 1998; Lacan and Jeandel, 2001). Studies of water column profiles of dissolved 

REE typically show that REE are depleted in surface waters and enriched in deep 

waters (e.g. Elderfield, 1988). Because it has been has suggested that large quantities of 

REE could be released from sediments during diagenesis, especially in high 

productivity areas (e.g. Elderfield and Sholkovitz, 1987; German and Elderfield, 1990; 

Sholkovitz, 1993), such REE enrichments in bottom waters could be explained, locally, 

by a remobilization of REE to bottom waters from sediments. This would be in 

agreement with some Nd isotopic studies of seawater profiles which have suggested 

that the isotopic signature of bottom-waters can be influenced by the remobilization of 

Nd from marine sediments (e.g. Jeandel et al., 1998; Lacan and Jeandel, 2001). In such 

cases, the remobilization of REE from pore-waters would mask the advected isotopic 

signature of bottom-waters. 

All the above examples emphasise the point that 'continental' contamination and 

diagenetic processes may alter the isotopic composition of the 'true' seawater signal 

recorded by authigenic phases. In parallel, they also emphasize that the establishment 

of Nd and other radiogenic isotopes as complete, major, paleoceanographic tracers 

requires still a better understanding of the marine geochemistry of the elements 

involved. With respect to the use of the Fe-Mn oxyhydroxide fraction in marine 

sediments, namely, it is clear that two important issues must be assessed; how i) early 

diagenesis and ii) 'continental' contamination can affect the seawater signal recorded by 

the Fe-Mn oxyhydroxide. 
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1.6 Thesis plan 

• The aim of this study is to constrain, better, the behaviour of North Atlantic Deep 

Water during the Late Quaternary, particularly during the last glacial maximum, using 

Nd and Sr isotopes in both the terrigenous and the Fe-Mn oxyhydroxide fraction of 

marine sediments. We have focused on a set of sediment cores, which were collected 

as part of a IMAGES cruise in 1996, from the southeast Atlantic Ocean. Description of 

the material used for this study together with a review of Atlantic's present-day 

oceanography is provided in Chapter 2. Chapter 3 represents a synthesis of the series of 

experimental tests conducted to develop a robust method for the quantitative separation 

of both detrital and Fe-Mn oxide phases from any marine sediment. This analytical 

work was essential as there was, previously, no standard procedure existing for the Nd 

and Sr isotopic analysis in marine sediments. In time, this work represented 50% of the 

duration of this studentship. An identical version of this chapter (text, tables and 

Ggures) is also in press in Chemical Geology. In Chapter 4, I present the isotopic 

results obtained from analysing the terrigenous fraction of our sediments. Chapters 5 

and 6 are dedicated to a detailed examination of the use of the Fe-Mn oxyhydroxide 

fraction in marine sediments as paleoceanographic tracers. First, an evaluation is 

presented of the behaviour of REE during early diagenesis and how these processes 

may affect the seawater signal recorded by the Fe-Mn oxyhydroxides. In addition, 

because our sediment cores are located close to the Namib Desert, along the 

Southwestern African margin, they also allow an investigation into the effect of aeolian 

contamination on the isotopic composition of these authigenic Fe-Mn oxyhydroxides. 

Finally, in Chapter 7, a synthesis of the findings presented in this study these results is 

presented together with a discussion about the future of radiogenic isotopes in 

paleoceanography, both those systems investigated here and other, more novel, isotopic 

systems. 
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Chapter 2 

Sampling and materials 

2.1 Introduction 

To reconstruct the Late Quaternary deep circulation of the southeast Atlantic 

Ocean, we have focused upon giant piston Calypso cores collected in 1996 during the 

NAUSICAA-IMAGES II cruise of the research vessel 'Marion-Dufresne'. Using 

information from marine sediment cores, the objectives of the international program 

IMAGES (International Marine Change Study) are to study: 1) the history of surface 

and deep ocean circulations which form the great 'conveyor belt', 2) the history of 

ocean biological productivity and of carbon exchange between the ocean and the 

atmosphere, and 3) to address how these histories are related to the global climate 

change over the last 300,000 years (Bertrand et al., 1997). 

As part of the IMAGES program, the NAUSICAA-IMAGES II project addresses 

these questions by focusing on the southeast Atlantic margin (off South Africa, 

Namibia and Angola). In the case of Late Quaternary paleoceanography, the 

southeastern Atlantic Ocean is, indeed, a key-area in which to investigate the 

behaviour of the thermohaline circulation. First, the northerly transport of high 

salinity surface waters through the Benguela Current System is considered to be the 

major process by which salt export from the North Atlantic, via the southward flow of 

North Atlantic Deep Water (NADW), is balanced (Berger and Wefer, 1996). Second, 

the intermediate and deep circulation in the South Atlantic is controlled by the 

interaction of northern and southern deep-water sources. As a consequence, the Cape 

Basin area is perhaps the key region where fluctuations in the global influence of 

North Atlantic Deep Water can be best monitored (Charles and Fairbanks, 1992). The 

sediment cores collected from the NAUSICAA-IMAGES II cruise, therefore, are 

particularly suitable for investigating the use of radiogenic isotopes for 

paleoceanographic purposes. 
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2.2 Oceanographic setting 

The circulation of the southeast Atlantic upper waters along the southwest 

Namibian margin is associated with the local wind-driven coastal upwelling activity 

of the Benguela Current system (Shannon and Nelson, 1996; Hutchings et al., 1995). 

Quasi-permanent upwelling cells presently occur over the continental shelf off 

Namibia and South Africa, associated with the wind-driven northward flow of the 

Benguela Current (e.g. Summerhayes et al., 1995). The surface layer, the northward-

flowing Benguela Current, occupies the uppermost 50 m of the water column. Below 

this, intermediate waters of the South Atlantic Central Water (SACW) and Antarctic 

Intermediate Water (AAIW), the latter centered around 750 m, flow poleward and 

influence clay sedimentation on the upper Namibian shelf (Nelson, 1989, 1990; 

Shannon and Nelson, 1996; Bremner and Willis, 1993). 

The intermediate and deep-water masses of the South Atlantic can be observed 

clearly in a 2-D N-S cross-section of salinity in the South Atlantic Ocean, along the 

Greenwich meridian (Fig. 2.1a). A map of the Southeast Atlantic area is also shown 

in Fig. 2.1b. Today, circulation in the deep South Atlantic is dominated by the 

interaction between North Atlantic Deep Water flowing southward and Circumpolar 

Deep Water (CDW) flowing to the north (Reid, 1989, 1996). Nutrient and related 

chemical properties in modem CDW are intermediate between North Atlantic, Indo-

Pacific and Antarctic values, because CDW is largely a mixture of outflow waters 

from these oceans. The density characteristics of these water masses are such that 

NADW divides the southern water mass into an upper and a lower branch. 

Consequently, the relatively warm and saline NADW occupies the depth interval 

between 2000 and 3800 m, while upper CDW and lower CDW are encountered above 

2000 m and below 3800 m, respectively (Fig. 2.1a). As it progresses through the 

South Atlantic, the 'tongue' of NADW becomes progressively diluted by southern 

water masses and by 50°S the high-salinity individuality of the deep Atlantic flow is 

no longer observed. 
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Fig. 2.1. a, Cross-section of salinity (ppt) for tlie present-day South Atlantic Ocean 
along the Greenwich meridian (modified from Reid, 1989). b, South Atlantic area. 
The deep circulation is dominated by the interaction between North Atlantic Deep 
Water (NADW) and Circumpolar Deep Water (CDW). The presence of the Walvis 
Ridge prevents the northward flow of Lower CDW (LCDW) to enter the deep Angola 
Basin. The location of the studied area is shown by the square with dashed line. 
The location of reference core RC11-83 (e.g. Charles and Fairbanhs, 1992; Rutberg 
et al., 2000) in the southern Cape Basin is shown. 
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For eastern basins of the South Atlantic, i.e. the Guinea and the Angola Basin (at 0-

5°N and 5-30°S), the inflow of LCDW is topographically restricted by the Mid-

Atlantic Ridge, to the west, and the Walvis Ridge to the south (Fig. 2.1a and 2.1b). 

Only small volumes of southern water masses enter the Guinea and Angola Basin via 

sills in the Romanche Fracture Zone (van Bennekom and Berger, 1984; Warren and 

Speer, 1991) and via rare fractures which cut the Walvis Ridge (Shannon and 

Chapman, 1991). As a consequence, the deepest parts of these two basins are filled 

almost exclusively by NADW. By contrast, south of the Walvis Ridge, the Cape 

Basin, although located to the east of the Mid-Atlantic Ridge, is dominated by LCDW 

below 4000m. This is due to a deep-water pathway, which allows LCDW from the 

Algulhas Basin to enter the Cape Basin from the south at ~45°S, 5°E (Tucholke and 

Embley, 1984). The northward flow of LCDW in the western Cape basin is diverted, 

clockwise, by the Walvis Ridge and exits, Gnally, the basin at - 40°S, 20°E (Tucholke 

and Embley, 1984). 

2.3 Sampling locations and core description 

In this study, we have focused on five sediment cores from the southeast Atlantic 

Ocean. A detailed map of the area is shown in Fig. 2.2. Core locations are listed in 

Table 2.1. We address the present-day hydrography in our studied area by using 

salinity profiles from the section A13 of the WOCE program (World Ocean 

Circulation Experiment) (Fig. 2.3). This section crosscuts the Angola and Cape 

Basins from north to south (Fig. 2.3a'). 

T a b l e 2.1 C o r e loca t ions 

Core Latitude Longitude Water-deptii 
(m) 

Core length 
(m) 

Angola Basin 

MD96-2091 14°53'S 10°23'E 3569 24.52 

Northern Cape Basin 
MD96-2087 25°36'S 13''23'E 1028 39.65 

MD96-2098 25°36'S 12°38'E 2910 32.24 

MD96-2086 25°49S 12°08'E 3606 36.04 

Central Cape Basin 
MD96-2085 29°42'S 12°56'E 3001 35.40 
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20 

http://whpo.ucsd.edu/'data/onetime/atlantic/al3/al3trk.gif


Chapter 2. Sampling and materials 

Three cores were raised from the northern Cape Basin along a transect from the 

upper Namibian continental slope to the deep basin (Fig. 2.2). These cores were 

chosen, specifically, to investigate the vertical structure of the deep southeast Atlantic 

water column during the Late Quaternary: MD96-2086 (3606 m) was collected from 

the modem Lower CDW - NADW boundary and MD96-2098 (2910 m) was taken 

near the core of present-day NADW; MD96-2087 (1028 m) was raised on the upper 

Namibian continental shelf from the present-day boundary between the upper CDW 

(± AAIW) and NADW (Fig. 2.3). Two further cores, MD96-2091 from the Angola 

Basin and MD96-2085 from the central Cape Basin, which lie north and south along 

the southward flowing trajectory of modem-day NADW (cf core MD96-2098), have 

also been investigated. 

A detailed salinity - depth profile is plotted in Fig. 2.3c for the depth interval 1500 -

4500m. Clearly, it can be observed that between 2000 - 3600 m water-depth, the 

salinity of deep Atlantic waters decreases progressively from the Angola Basin (STN. 

189) to the central Cape Basin (STN. 150) as NADW flows southward. This is 

explained by the progressive dilution of the deep Atlantic waters by southern water 

masses. As a consequence, the salinity of the water at 3000m in the central Cape 

basin (i.e. site MD96-2085) is identical to that of the northern Cape Basin water at 

3600m (i.e. site MD96-2086). 

In the southeast Atlantic Ocean, the sediment composition is influenced by the 

presence of the Benguela upwelling area. In particular, our cores from the northern 

Cape Basin are within the influence of the most active upwelling cell of the system 

(i.e the Liideritz cell) (e.g. Bertrand et al., in press). Upwelling of cold and nutrient-

rich deep waters boosts the local productivity and generates extensive diatom blooms 

leading, in turn, to significant export fluxes of both organic material and biogenic 

silica to the sediments (e.g. Abrantes, 2000). 

Carbonate percentages (wt %) have been determined by weighing the loss of material 

after treatment of the bulk sediment with 10% acetic acid. For core MD96-2086, 

these estimated values generally agree within the range ± 10% with carbonate 

concentrations determined by measuring the volume of CO; released during HCl 

treatment (Martinez et al., 1999). 
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Fig. 2.2. Southeastern Atlantic area. Core location. Core MD96-2091 was raised from the Angola Basin. 
In the northern Cape Basin, three cores were collected on a transect from the upper Namibian continental 
sheif (MD96-2087, 1028 m), to the lower slope (MD96-2098, 2910 m) and the basin (MD96-2086, 3606 m). 
Core MD96-2085 was raised from the central Cape Basin at 3001 m. The northern Cape Basin cores are 
close to the Namib Desert which is elongated on the southwestern African coast. Location of our studied 
samples from the Namib Desert (WB-1) and soils (NC96-1/2, NC-7/1 and NC-7/2) are also indicated. 

22 



Chapter 2. Sampling and materials 

20°S 
STN. 189 

8TN 1% 

WOCE profile 
A13 

2(rw ZCTE 

Salinity (psu) 
Central 

Cape Basin 
(STN. 150) 

Northern 
Cape Basin 

(STN. 159) 

Angola 
Basin 

(STN. 189) 

34 34.5 35 35.5 36 34 34,5 35 35.5 36 34 35 36 

N 

37 
0 

1000 

2000 

O. 
<D 

Q 

6000-

— 

T AAIW A 
MD96-2087\ I 

LCDW \ 1 

1 MD96-2098 
I-MD96-2085 NADW 

• 

MD96-2086 -

/ 
- MD96-2091 

, I CDW 1 

Salinity (psu) 
34.65 34.7 34.75 34.8 34.85 34.9 34.95 

t 
0) 
Q 

1M0 

2500 

3500 

4500 

Dilution of NADW 
with CDW 

4 

Fig. 2.3. a, Section of the WOCE A13 profile in the southeastern Atlantic Ocean. 
Stations (STN.) 189, 159 and 150 are located close to our studied cores in the 
Angola Basin (MD96-2091), northern Cape Basin (MD96-2087, -2098, -2086) and 
central Cape basin (MD96-2085), respectively, b. Salinity profiles (ppt) of the water 
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interval 1500 - 4500 m. The water salinity at the depth corresponding to NADW 
decreases progressively from the Angola to the central Cape Basin. This reflects the 
dilution of Atlantic waters with CDW as NADW flows south. 
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Down-core fluctuations of the carbonate content (wt %) are given in Appendix 1. A 

detailed description of lithologies of each of the studied cores is shown in Fig. 2.4. 

Apart from core MD96-2085, which is almost exclusively composed of carbonates (> 

85%), lithologies down-cores are highly variable, exhibiting changes in the relative 

content of: carbonate ooze (foram and nanno), biogenic silica (mainly diatoms and 

sponge spicules), and the terrigenous faction (mainly clays) (Bertrand et al., in press). 

Down-core carbonate contents (wt %) vary typically from 50-90%. The fraction of 

biogenic silica in the sediments is generally minor compared to the terrigenous 

fraction. 

The sediment composition in the southeastern Atlantic is also influenced by 

southerly trade winds which blow along the southwestern African shore and 

occasionally alternate with easterly winds (Bremner, 1978). These winds deliver 

material from the Namib Desert and Southern African soils to the southeastern 

Atlantic area (Gingele, 1996). In order to evaluate the contribution of such material to 

our sediments, therefore, additional sediments from both the Namib Desert (Walvis 

Bay sand, WB-1) and South Namibia (Lunette soil/sands, NC96-1/2, -7/1 and -7/2) 

have also been analysed (see Fig. 2.2). Two samples (WB-1 and NC96-1/2) from 

Recent ± Holocene ages and two other samples (NC96-7/1 and -7/2) from last glacial 

maximum soil horizons (J. Giraudeau, personal communication; M. Lawson, personal 

communication) were chosen, in order to evaluate whether the isotopic composition 

of the Namibian aeolian dust source had fluctuated over time. 

2.4 Stratigraphy 

The stratigraphy of the five cores analysed for this work was investigated, as 

detailed below. Oxygen isotopic analyses of the bulk sediment provide the age model 

for core MD96-2091. Analyses were completed at SOC on the Europa Geo 20-20 

stable isotope mass spectrometer. Detailed age models of sediment cores are 

commonly inferred from the O record of selected foraminifer species but previous 

work has shown that oxygen-isotope analysis of bulk sediment was adequate to 

provide a basic sfratigraphic framework (Shackleton et al., 1993). 
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MD 962091 Angola Basin - Mo^amedes Slope (3569 m) 
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Fig. 2.4. Core description - lithologies. 
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Ml) 962087 Namibian Upper Continental Slope - Lilderitz (1028 m) 
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Fig. 2.4. (Continued) 

26 



Chapter 2. Sampling and materials 

MD 962087 Namibian Upper Continental Slope - Liideritz (1028 m) 
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Fig. 2.4. (Continued) 
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MD 962098 Northern Cape Basin - Liideritz Slope (2910 m) 
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Fig. 2.4. (Continued) 
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MD 962086 Northern Cape Basin - Luderitz Lower Slope (3600 m) 
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Fig. 2.4. (Continued) 
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MD 962086 Northern Cape Basin - Liideritz Lower Slope (3600 m) 
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Fig. 2.4. (Continued) 
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MD 962085 Central Cape Basin - Orange Slope (3001 m) 
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Fig. 2.4 (Continued) 
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Our bulk sediment records were visually correlated with the normalised SPECMAP 

standard record (Imbrie et al., 1984) and 22 isotopic events were identified between 0 

and 350 kyr to generate an age model for core MD96-2091. The strati graphic control 

points are given in Appendix 2. Ages for data points between these events were 

obtained by linear interpolation, thus assuming constant sedimentation rates within 

substages. 

For core MD96-2086, an age model has been determined from present to 350 kyr by 

C. Pierre (University of Paris VI) using the record of benthic and planktonic 

foraminifers (Bertrand et al., in press). Age models for cores MD96-2085 (Chen et 

al., in press) and -2098 (R. Schneider, personal communication) are based on oxygen 

isotope analyses of the benthic foraminifera and cover the same period of time, from 

zero-age down to 350-400 kyr. Absolute uncertainty for the ages given is about ± 

5,000 years (Bertrand et al., in press). Equivalent age model/data are not available for 

core MD96-2087 due to poor preservation of foraminifers. Instead, an age-depth 

correlation has been applied using six ages Arom P. Bertrand (University of 

Bordeaux) coupled with the reflectance profile for this core, obtained from multi-

sensor track ship-board logging (Bertrand et al., 1997^). 

2.5 Mass accumulation rates 

The mass accumulation rate of any component x, MARx, can usually be 

calculated using the following equation: 

MARx = [xj.Si?. 

where [x] is the concentration of the component x in dry sediment (g/g), SR is the 

sedimentation rate (cm/kyr), WBD is the wet bulk density (g/cm^), and PW is the 

content of pore water in weight of bulk sediment (g/g). However, because the pore 

water contents in our sediments have not been determined, accumulation rates for all 

five cores were estimated after cross-calibration with core MD96-2086 (Bertrand et 

" http ://images.pclab.ifg.uni-kiel.de/framePB.html 
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al., in press). A best-fit value of 0.7 was assumed for the ratio . For core 

MD96-2086, this estimation leads to MARs with an uncertainty within ± 80% 

compared to MAR calculated by Bertrand et al. (in press). This apparent 

accumulation rate uncertainty remains much lower than the range of large MAR 

variations observed within each of our sediment cores. Therefore, the general shape 

of the MAR profiles will be considered as representative and minor variations in 

MAR will not be taken into account. Sedimentation rates (SR) were obtained from 

the age model by dividing the length of each interval by its duration. 
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Chapter 3 

Methods 

Abstract 

The radiogenic isotopic composition of both detrital and Fe-Mn fractions in 

marine sediments can be used in paleoceanography to infer changes of bottom-water 

circulation. We have examined various chemical techniques for the analysis of Sr and 

Nd isotope ratios in these fractions and present a robust method which can be used to 

separate both the Fe-Mn oxides and the detrital fraction from a marine sediment 

sample for isotopic analysis. Our sequential leaching procedure involves the use of 

10% acetic acid, followed by IM-hydroxylamine hydrochloride in 25% acetic acid to 

remove the carbonate component and the Fe-Mn oxide fraction, respectively. The 

applicability of our chemical procedure is illustrated with examples from a marine 

sediment core raised from the northern Cape Basin (MD96-2086). 

3.1 Introduction 

The decay systematics of Sm-Nd and Rb-Sr isotope systems have been applied to 

marine sediments since the late 1960s, establishing radiogenic isotope geochemistry 

as an important tool in this field (see e.g. Dasch, 1969; Faure, 1986). To date, 

investigations into paleoceanography have fallen along two distinct but 

complementary paths. In the first of these, isotopic analysis of the 'continental' 

detrital fraction of a sediment {i.e. that clay-rich fraction which contains the minerals 

weathered from the continents and delivered to the oceans by rivers, aeolian transport 

^ A similar version of this chapter is in press in Chemical Geology - An improved method for 
extracting marine sediment fractions and its application to Sr and Nd isotopic analysis (Bayon et al., in 
press). 
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and/or advection by deep currents) provides information on both the geographical 

provenance of that material and its transport mechanism (Grousset et al., 1988, 1998; 

Nakai et al., 1993; Jones et al., 1994; Revel et al., 1996; Innocent et al., 1997; Parra et 

al.', 1997; Hemming et al., 1998; Asahara et al., 1999). This approach is based on the 

assumption that detrital phases regain the isotopic signature of their source rocks 

throughout all of continental weathering, sediment transport and diagenesis. A 

particularly good example of the utility of this approach has been the study of aeolian 

dust from Antarctic ice cores: when compared to potential Antarctic, Australian, 

southern African and South American sources, Sr and Nd isotope ratios show, clearly, 

that this dust has a Patagonian provenance (Grousset et al., 1992; Basile et al., 1997). 

Similarly, the high-resolution study of marine sediment cores may be used to deduce 

sediment input variations and, therefore, to consfrain fluctuations in (e.g.) wind-

regimes and deep-ocean circulation. Recent studies, using Sr isotopic analysis of 

southeast Atlantic sediment cores, have highlighted past leakage of the Algulhas 

Current (southwest Indian Ocean) into the Atlantic Ocean, demonstrating how 

powerful this approach can be (Rutberg, 2000; Goldstein et al., submitted). 

The second area in which isotopes are used in paleoceanography relies upon the 

analysis of the authigenic components (i.e. those minerals which are precipitated 

directly from seawater) in marine sediments. When an authigenic mineral 

precipitates, it is assumed to incorporate any Nd and Sr with an isotopic composition 

identical to that of the host water mass. Because the residence time of Nd in seawater 

is short (-200 - 1000 years, e.g. Elderfield, 1988; Tachikawa et al., 1999) compared to 

the oceanic mixing time (~ 1500 years), Nd is not isotopically homogenized 

throughout the deep ocean and each water mass possesses its own unique isotopic 

signature (e.g. Piepgras et al., 1979; Jeandel, 1993). The same is not the case for Sr, 

which has a residence time of several million years and, therefore, exhibits a constant 

isotopic composition in the present-day open ocean (^^Sr/ ®̂Sr - 0.7091-0.7092, e.g. 

Palmer and Elderfield, 1985a). In recent years, many advances in paleoceanography 

have been achieved using the Nd isotopic composition of Fe-Mn nodules and 

encrustations (e.g. Abouchami et al., 1997; Burton et al., 1997, 1999; Christensen et 

al., 1997; Ling et al., 1997; Frank and O'Nions, 1998; O'Nions et al., 1998; Reynolds 

et al., 1999; von Blanckenburg, 1999; Claude-Ivanaj et al., 2001). Burton and co-

workers (1997), for example, suggested that the closure of the Central American 

Isthmus, some 4 Ma ago, cut off the Atlantic Ocean from the input of Pacific water 
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and, consequently, shifted Atlantic deep-water composition toward less radiogenic Nd 

isotope values. However, because crusts and nodules only grow at the rate of a few 

mm/Ma, at most, they can only provide information on globally integrated changes 

that have affected deep ocean circulation over the order of millions of years. In order 

to resolve fluctuations over shorter-term periods, e.g. those relevant to Quaternary 

climate change, it is necessary to study authigenic minerals which are deposited at 

higher resolution within the continuous records of marine sediment cores. In one 

novel approach. Burton and Vance (2000) have used cleaned planktonic foraminifera. 

A second alternative, recently proposed by Rutberg et al. (2000), involves the analysis 

of the Nd isotopic composition of the dispersed Fe-Mn oxide fraction within the 

marine sediment record. The latter approach led to the successful demonstration, 

where other proxies had failed, that the influence of NADW in the South Atlantic 

Ocean was considerably reduced during the last glacial maximum (LGM), some 

20,000 years ago. 

Here, we present a sequential leaching procedure which produces the separation of 

both a detrital fraction and a Fe-Mn oxide fraction, from the same marine sediment 

sample, which are both suitable for Nd and Sr isotopic analysis. For any given 

sample, this procedure allows one to make use of two independent paleoceanographic 

proxies: I) the isotopic composition of the detrital fraction as a tracer of the 

provenance and flow trajectory of local bottom-water at the time of deposition and, 2) 

the isotopic composition of the Fe-Mn component as a direct record of the 

contemporaneous composition of deep-water. 

3.2 Classification of marine sediment fractions 

Following the classification of Tessier et al. (1979), trace elements in marine 

sediments can be partitioned into five distinct fractions. Elements derived from 

seawater can be: 1) adsorbed onto mineral surfaces (exchangeable fraction), 2) 

associated with carbonates, or 3) scavenged by iron and manganese oxides. The 

remaining trace metals in any sediment sample can be considered either 4) to be bound 

to organic compounds, or 5) to belong to the detrital fraction, also called the detritus. 

Several sequential extraction procedures have been developed for the partitioning of 
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solid-phase metals (e.g. Chester and Hughes, 1967; Tessier et al., 1979; Chao and Zhou, 

1983; Hall et al., 1996) but no standard chemical procedure has yet been estabKshed for 

measuring the isotopic composition of the detrital fraction of marine sediments. 

Instead, various different methods have been employed and although, in most of these 

methods, the carbonate phase has ty^cally been removed from the bulk sediment, other 

authigenic fractions such as Fe-Mn oxides have usually been retained, on the 

assumption that they do not contaminate the residue (e.g. Revel et al., 1996; Graham et 

al., 1997; Parra et al., 1997; Grousset et al., 1998; Asahara et al., 1999; Walter et al., 

2000). As each authigenic component carries a seawater-like isotopic signal, however, 

the "mineralogical and geochemical significance" of this operationally-defined detrital 

fraction depends strongly upon the final procedure used. It is somewhat surprising, 

therefore, that there is no well defined procedure to assess the effects of various 

chemical treatments on the detrital isotopic composition. A rigorous approach is 

especially important if one wishes to compare different sets of data from different 

sediment cores. 

In this study, our aim is two-fold: to completely isolate the detrital fraction (which 

will give us information on varying continental sources to the sediment) and to extract 

a pure fraction of Fe-Mn oxyhydroxide material, with no detrital contamination (to 

provide an estimate of the isotopic composition of past oceanic deep-water). Here, 

we present the results from a series of tests which we have used to establish a standard 

chemical procedure. We then present an evaluation of this method based upon 

analysis of a deep-sea sediment core from the northern Cape Basin, southeast Atlantic 

Ocean. 

3 3 Analytical methods 

A range of different sample treatments and preparations are discussed later in the 

paper but, ultimately, all final 'mother' solutions were analysed using a common mass 

spectrometry methodology which we describe below. Sr was isolated from mother 

solutions using Sr resin (Sr spec, Eichrom Industries Inc., Illinois, USA). For Nd 

isotopic analysis, the REE were initially separated from major elements by cation 

exchange, before isolation of Nd on Teflon powder columns coated with HDEHP. 
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Details of the chemical procedure are given in Appendix 3. Sr and Nd isotope ratios 

were performed with a dynamic mode data collection on a seven-collector VG Sector 

54 thermal ionization mass spectrometer. Isotope ratios were normalised to ^^Sr/^Sr 

= 0.1194 and = 0.7219. Analysis of the Sr-standard NBS SRM 987 and 

JNdi-1 gave a of 0.710248 ̂  13 (2 s.d., n = 21) and a - 0.512108 

± 8 (2 s.d., n = 14), respectively during the run period (3 months). Total blanks were 

less than 1.2 ng for Sr and 1 ng for Nd, which represent <0.1% of the mass of both 

elements in the measured fraction. The rare-earth elements (REE) were analysed by 

inductively coupled plasma mass spectrometry (ICP-MS) on a VG Plasmaquad 11+ 

instrument with an external accuracy of 5% (2 s.d.) and an internal precision better 

than 3% (2 s.e.) (Barrat and Nesbitt, 1996). The REE were corrected from oxide and 

hydroxide interferences (Barrat et al., 1996) which occur within the plasma during 

analysis (see Appendix 4). Major (Al, Si, Ti, Fe, Mn, P and Ca) and transition metal 

(Ni, Cu and Zn) elements were analysed by ICP-AES. Precision was better than 1% 

for all elements except P (typically less than 5%). 

3.4 Experimental procedures 

All experimental operations conducted during the development of our final 

procedure have been performed upon replicates of a single freeze-dried sample from 

an Angola Basin sediment core (core MD96-2091, 14°53.42'S, 10°23.33'E, 3566m 

depth). Since collection, the core had been stored wet in a purpose-built refrigerated 

core store. This giant piston Calypso core (length: 24.5m) was collected in 1996 

during the NAUSICAA-IMAGES II cruise of the research vessel 'Marion-Dufresne' 

(Chief Scientist: P. Bertrand, Univ. Bordeaux). Lithologies down-core were highly 

variable, exhibiting changes in the relative content of foram and nanno ooze, biogenic 

silica (sponge spicules and diatoms), and the size of the terrigeneous fraction 

(Bertrand et al., in press). Our test sample was taken at a depth of ~ 2m down-core, 

and was chosen for the range and abundance of its various constituent fractions. 

Carbonate ooze and biosilica were both present in similar proportions (~ 10-15%), 

and the remaining material (~ 70-80%) consisted of a silty clay component rich in 

organic matter (Bertrand et al., 1997). In order to isolate the clay-rich detrital 
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fraction, we decided to remove the different fractions from the bulk sample in the 

following order: 1) exchangeable and carbonate fractions, 2) Fe-Mn oxyhydroxides, 

3) biogenic silica, 4) organic compounds. 

During the course of our experimental work, the Nd isotopic composition of Fe-

Mn oxyhydroxide fractions of sediments from core MD96-2091 (average SNd = ~ -

16.7) was found to depart significantly from the estimated seawater signal (sNd = ~ -

12) toward Congo River-like values (snci = ~ -16.5, Allegre et al., 1996; Frank et al., 

2001). This finding has been supported, very recently, by two independent isotopic 

studies which showed, clearly, that major riverine discharge could significantly 

influence the Nd isotopic composition of marine Fe-Mn authigenic deposits, locally 

(Claude-Ivanaj et al., 2000; Frank et al., 2001). In particular, in agreement with our 

isotopic analyses, Frank et al. (2001) report that the surface 8^4 value of a Fe-Mn crust 

from the Angola Basin trends toward a Congo River signature (Frank et al., 2001). 

This suggests that a significant part of the total dissolved Nd budget in the Angola 

Basin - a relatively enclosed ocean basin - probably originates from Congo River 

discharge. Although not presented here, these data show the sensitivity of our 

approach, using Nd isotopes, to contamination effects (see Chapter 6, later). By 

contrast, the isotopic composition of (long residence time) Sr is uniform throughout 

the world's oceans and Congo River discharge does not influence the Sr isotopic 

composition of any Fe-Mn material precipitating from Angola Basin bottom-water. 

In order to assess the effect of successive chemical treatments upon our test sample 

from the Angola Basin, therefore, we have measured the Sr isotopic composition of 

both the residue and leachate after each leaching step, together with the Nd isotopic 

composition of the residues only. Each test was replicated for both Sr and Nd 

isotopes. In the description which follows, we use the general term residue to 

represent the various solid phases left after each separate leaching stage, whereas the 

final residue, which only contains the 'continental' Nd and Sr signal, is specifically 

called the detritus or detrital fraction. In addition to those isotopic measurements, 

further analyses of major (Al, Fe, Mn, Ca and P) and REE elements were performed 

upon the samples from the northern Cape Basin core to confirm the effectiveness of 

our chemical procedure. 
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Our experimental procedure is shown schematically in Fig. 3.1. First, we 

investigated whether the method of carbon removal we chose would have an impact 

on the Sr and Nd isotopic composition of the residue. This step in our series of tests 

was performed, at the outset, on untreated bulk, sediment samples to provide 

consistency with previous analytic^ procedures aiming to measure the Sr and Nd 

isotopic composition of detrital sediment phases (Krom et al., 1999). However, as we 

explain later (section 3.6 - Synthesis), our final procedure involves the later addition 

of acetic acid, itself an organic reagent. In our final recommended procedure, 

therefore, all organic compounds are only removed at a much later stage, to ensure 

that no organic compounds are left behind with the clay-rich detritus prior to digestion 

with (highly oxidizing) perchloric acid. In our experimental tests, organic material 

was either removed by mechanically agitated leaching with 5% H2O2 or by roasting 

overnight at 650°C. Interestingly, this choice of method for carbon removal was 

found to have a great influence on the Sr isotopic compositions obtained for both 

residues and leachates (Table 3.1). Following organic carbon removal, a 10% (v/v) 

acetic acid (HOAc) leach was used to remove any carbonates present. This followed 

the work of Ray et al. (1957) who have previously shown that dilute acetic acid will 

not attack the lattice structures of co-existing clay minerals. 

In the next step, the oxy-hydroxides of manganese and iron are extracted together. 

Both Fe and Mn 'oxides' can represent important sinks for trace elements in seawater, 

and their removal fi-om the carbonate-free residual fraction is crucial to our overall 

procedure. Our aim has been to extract these phases quantitatively without attacking 

any clay minerals present. Fe and Mn commonly form mixed oxides, due to their 

similar chemical properties and ionic radii, which can exist in several crystalline or 

pseudocrystalline forms (e.g. Chester, 2000). In marine sediments, they are typically 

present in the form of a cement between individual particles or as coatings on forams. 

Four different methods of extraction have been referred to frequently in the literature 

(Table 3.2; see Hall et al. (1996) for a review) and we deal with these each in turn. 

First, we have rejected the use of both 1) HCl and, 2) dithionite-citrate buffer, 

primarily because these reagents are likely to attack the lattice structures of clays in 

addition to Fe-Mn 'oxide' phases (see Table 3.2). 
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Table 3.1. Leaching procedure Test - Sr and Nd isotope analyses (sample 2091-191) 

residue leachate 

Leaching step sample ®'̂ Sr/®®Sr %SE i *Nd %SE N̂d sample ^Sr/ "Sr %SE 

(101 (10") (10") 

bulk bulk-a 0.716255 9 0.511712 4 -18.02 ± 0.08 

bulk-b 0.716194 6 0.511727 5 -17.73 + 0.10 

bulk-c 0.716222 6 
bulk-d 0.716189 7 

mesn (2s. d. sampling) 0.716215 ± 53 0.511720 ±15 -17.88 ±0.29 

A - after Corg remov alCA] 

5% H2O2 A1a 0.717407 6 A1a-L 0.709222 7 

A1b 0.717389 6 Alb-L 0.709186 21 

mean 0.717398 ± 9 0.709204 + 18 

ROAST A2a 0.716220 7 
A2b 0.716191 7 

mean 0.716206 + 14 

B - after [A] and carbonate removal [B] 

5% H2O2 Bla 0.724255 7 0.511725 4 -17.77 + 0.08 Bla-L 0.709418 9 

B1b 0.723968 9 0.511713 5 -18.00 + 0.10 Bib-L 0.709370 8 

mean 0.724112 ± 0.511719 ±6 ^ 7 . 8 9 ± a f 2 0.709394 ±24 

ROAST B2a 0.720320 6 0.511709 6 -18.08 ± 0.12 B2a-L 0.711330 7 

B2b 0.720263 6 0.511708 6 -18.10 + 0.12 B2b-L 0.711372 7 

mean 0.720292 ± 28 0.511709 ±0 -18.09 + 0.01 0.711351 + 21 

c - after [A], [B] and FeMn precipitate removal 

5% H2O2 
1M HH leach [C] C1a 0.731602 5 0.511664 5 -18.96 ±0.10 Cla-L 0.709418 12 

Clb 0.732041 6 0.511662 28 -19.00 ± 0.55 Clb-L 0.709400 9 

mean 0.731822 ± 220 0.511663 ± 1 -18.98 ±0.02 0.709409 ± 9 

0.04M HH leach C4a 0.726366 5 C4a-L 0.709463 6 

C4b 0.726187 5 C4b-L 0.709499 8 

mean 0.726277 ± 89 0.709481 + 18 

OA-AO leach C5 0.728577 7 C54. 0.712428 19 

ROAST 
1M HH leach [C] C2a 0.725657 6 0.511685 5 -18.55 + 0.10 C2aL 0.711095 6 

C2b 0.725866 6 0.511681 5 -18.61 ± 0.12 

mean 0.725762 ± 106 0.5 f f683±2 -18.58 ±0.03 

D - after [A], [B], [C] and opal removal 

5%ht02 Dia 0.731607 6 0.511698 6 -18.30 + 0.12 

Dib 0.732024 6 0.511681 5 -18.63 ± 0.10 

mean 0.731816 + 209 0.511690 ±8 -18.47 ±0.17 

ROAST D2a 0.727457 5 0.511682 4 -18.61 ± 0.08 D2a-L 0.712334 9 

D2b 0.728472 6 0.511681 4 -18.63 ± 0.08 D2b-L 0.712560 16 

mean 0.727965 ± 508 0.511682 ±0 -18.62 ±0.01 0.712447 + 

Note: For all the samples, organic compounds were first removed either by 
1) leaching with 5% HgOg [5% HgOj or 2) roasting at 650°C [ROAST] 

Chemical abbreviations: HH - hydroxylamine hydrochloride in 25% (v/v) acetic acid, 
AO-OA - 0.2M ammonium oxalate + 0.2M oxalic acid 
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Fig. 3.1. Block diagram showing the sequential experimental procedure followed. 
The various alpha-numerics shown within different ellipses and rectangles refer to 
samples analysed for Sr and Nd Isotopic analyses in both leachates and residues, 
respectively - see Table 3.1 for data. A) First, organic compounds were removed 
either by leaching with 5% HgO^or roasting at 650°C. B) The residues left behind 
were then treated with 10% (v/v) acetic acid (HOAc) in order to remove the carbonates. 
C) For the extraction of Fe-Mn oxides, various procedures were tested on those samples 
which had been treated with HjOj; 01) 1M and 04) 0.04M hydroxylamine hydrochloride 
solutions in 25% acetic acid (1M HH, 0.04M HH), and 05) a mixture of 0.2M oxalic acid 
0.2M ammonium oxalate (OA-AO). The 1M HH leach was also applied to a sample 

that had first been roasted {02). D) The effect of opal removal on the isotopic composition 
of the final residue was tested with a 1M sodium hydroxide leach (NaOH). 
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Table 3.2. Methods of Fe-Mn oxide leaching used in the literature 
for radiogenic isotope analyses of marine sediments. 

method reagent i^sed comments examples of application 

1) Arrhenius and Korkish (1959) HCI solutions attack clay minerals (Ray et al., 1957) Eisenhauer et al. (1999) 
Stille and Clauer (1994) 
analysis of detrital fractions 
and leachates 

2) Rea and Janecek (1981) 
Mehra and Johnson (1960) 

sodium dithionite -
sodium citrate buffered 
solution 

* reagent is highly contaminated and 
requires cleaning (Hall et al., 1996) 
* attack iron from clay minerals 
(Heath and Dymond, 1977) 

Hemming et al. (1998) 
Jones et al. (1994) 
Nakai et al. (1993) 
analysis of detrital fractions 

3) Chester and Hughes (1967) 0.02M HH (3 hrs /100°C) * removes total Mn and 94% 

of total Fe 
1M HH (4 hrs /20°C) * removes 96% of total Mn and 90% 

of total Fe 

Rutberg et al. (2000) 
analysis of Fe-Mn leachates 

4) Schwertmann (1964) 0.2M ammonium oxalate oxalic acid has a high boiling T°C 

- 0.2M oxalic acid difficulty to evaporate the leachate 

2 hrs in the dark 

Winter et al. (1997) 
analysis of detrital fractions 
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In the experimental procedures described below, we have studied the effect of 

combined acid-reducing solutions of 3) hydroxylamine hydrochloride (NH2OH.HCI) 

in 25% (v/v) acetic acid {HH in the following text) (Chester and Hughes, 1967; 

Tessier et al., 1979), and of, 4) oxalic acid - ammonium oxalate (Schwertmann, 1964, 

Winter et al., 1997). Chester anf Hughes (1967) investigated the effect of HH 

solutions on a ferromanganese nodule with two different concentrations of the 

reducing agent. Their results showed that leaching with a 0.02M HH solution, for 3 

hours at lOCC, had dissolved ca. 94% of the total iron and all the total manganese, 

whereas a IM HH leach, for 4 hours at room temperature, was slightly less efficient in 

removing both Fe (90% dissolved) and Mn (ca. 96% dissolved). Tessier et al. (1979) 

chose a 0.04M HH solution, at 95°C, to dissolve the Fe-Mn oxide fraction of river 

sediments and found that the extraction of reducible iron was essentially complete 

after 5 hours. In our experimental procedure, we decided to test the effect of: a) IM 

HH solution at high temperature (95°C) for 3 hours (CI in Table 3.1, Fig. 3.1), and b) 

0.04M HH solution at 95°C for 4 hours (C4 in Table 3.1, Fig. 3.1). In addition, 

following the method developed by Schwertmann (1964), a leach with a mixture of 

0.2M oxalic acid and 0.2M ammonium oxalate (OA-AO) was conducted for 2 hours 

in an ultrasonic bath (C5 in Table 3.1, Fig. 3.1). 

Finally, we investigated whether the removal of biogenic silica had an influence on 

the isotopic composition of the detritus. To do this, we adopted the procedure of 

Petschick et al. (1996) in which biogenic silica is removed from samples by leaching 

for 30 minutes with IM sodium hydroxide (NaOH) at a temperature of 80°C. 

All residues left behind by the different leaches, together with the final detritus, were 

digested for 48 hours on a hotplate at 170°C using HF-HCIO4 (3ml / 2ml mixture). 

3.5 Results and discussion 

Results from our experimental procedures are listed in Table 3.1. Throughout the 

discussion which follows (also in Figs. 3.2, 3.3), we present the means of the 

replicates listed in Table 3.1, for brevity. 

44 



Chapters. Methods 

bulk 

- A -
removal of 
org. C 

-B-
removal of 
carbonates 

- C -
removal of 
FeMn oxides 

-D-
removal of 
opal 

. 10% HOAc 1MHH IMNaOH 

^ ms/due " 'Sr/ '^S/-

c/] 

0.732 

0 . 7 2 4 

0.7f6 

Cla.b D1a.b Samples roasted 
at 65(rc 

^ Samples treated 
^ 5% H,0, 8fa,b 

C2a,6 
A1a,b 

82%6 

/I2a,b a,b,c,d 

02a, 6 

/eac/7afe 

CO 

CO 
% 

0 2 a , W 0.7Y3 

B2a,6-L 
o C2a-L 

o 
0 . 7 7 V 

seawater 

0.709 A1a,b-b B1a b L C1a,b-L 

Hi) residue '^'Nd/^'"'Nd 

0.5YY75 

S 0.51170 
J 

^ 0.5YVG5 

l2s.d. ana/y(ka/ 

^ 2s. k 

a,b 

sampling 

B1a,b 

82a,b 
C2a,6 

o 
4 

C1a,b 

-17 

D1a,bl _-/g 

D2a,b 
§ 

4 - 7 9 w 

- 2 0 
Fig. 3.2. Sr and Nd isotope results from experimental investigations. Ttie cumulative effects 
of A) roasting or 5% HjOj treatment, followed by leaching with B) 10% acetic acid (HOAc), 
C) 1M hydroxylamine hydrochloride in 25% acetic acid (HH) and D) 1M NaOH are shown for 
i) residue "Sr/ ""Sr, ii) leachate "Sr/ "Sr and ili) residue "^Nd/ '"Nd isotope ratios. The mean 
value of two replicates is used in all cases throughout this figure. For "Sr/ °®Sr data, combined 
errors (including external analytical precision and the standard deviation of the isotope measurements 
of bulk samples) are all smaller than the size of the plotting symbols used. For ^^Nd/ '"Nd results, 
the error on the mean value of the two replicates s also smaller than the symbol size except where 
shown. Pre-roasted samples (A2, 82, C2 and 02) always show lower residual "Sr/ °°Sr ratios and 
higher leachate "Sr/ °®Sr ratios than samples which have been treated with 5% (A1, 81, CI and D1), 
indicating that some radiogenic Sr component was released from the clay-rich fraction during roasting. 
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Fig. 3.3. Sr isotopic composition of both a) the leachates and b) the residues left behind by 
1M HH, 0.04M HH and OA-AO leaches. See the caption of Fig. 3.1 for chemical abbreviations. 
The error on the mean value and the external analytical precision (2s.d..„.^) are smaller than 
the size of the symbols. The two HH leaches possess a "Sr/ °̂ Sr ratio similar to the seawater 
value. A contamination by the radiogenic clay-rich detritus has shifted the Sr isotopic composition 
of the OA-AO leachate toward a more radiogenic value. The "Sr/ "Sr ratio of the residue left 
behind by the 1M HH leach is higher (~ 0.7318) than that of the 0.04M leach (~ 0,7262). This 
suggests that some Fe-Mn oxides are probably still left in the residue after the 0.04M leach. 
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3.5.1 Removal of organic compounds 

Strontium removed during the 5% H2O2 leach possesses a true ^eawater isotopic 

composition (Al-L: 0.709204 ± 18; Fig. 3.2). Because samples were not washed with 

distilled water before leaching, part of this removed Sr is likely to come from labile 

seawater Sr adsorbed on clays and other minerals. Due to the acidic nature of 5% 

H2O2 (pH ~ 4.8), it is likely that this procedure also causes some partial dissolution of 

carbonates in addition to removal of all organic compounds (Boiseau and Juillet-

Leclerc, 1997). 

3.5.2 Removal of carbonates 

Compared to bulk samples, the Sr isotopic composition of the residues left after 

the 10% HO Ac leach is displaced significantly toward more radiogenic values (Fig. 

3.2). Surprisingly, the ^^Sr/ ®̂Sr ratios of both residues and leachates were sensitive to 

the method by which organic compounds had been removed previously. The Sr 

isotopic composition of acetic acid leachates following roasting (B2-L; 0.711351 ± 

21) differed significantly from the expected seawater signature (0.7092), whereas 

leachates of samples which were treated with H2O2 exhibited an isotopic ratio closer 

to modem seawater (Bl-L: 0.709394 ± 24). The difference between the two leachates 

measured at this stage may arise because roasting breaks down some clay mineral 

lattices in the original bulk sediment, perhaps resulting in a two-fold effect: 1) 

enhanced removal of radiogenic Sr during subsequent leaching and, 2) incorporation 

within the leachates of very small colloidal detrital particles which are not separated 

effectively during centrifiiging, nor extracted during subsequent filtration of the 

supematants. Removal of detrital radiogenic Sr during the B2 leach stage, as 

evidenced by the radiogenic value of the leachate (B2a,b-L: 0.711351 ± 21), could 

readily explain the lower Sr isotopic ratio of pre-roasted sample residues (B2a,b: 

0.720292 ± 28) compared to H2O2 pre-treated ones (Bla,b: 0.724112 ± 143). In 

contrast to the data for Sr isotopes, the removal of carbonate phases has no significant 

effect on the Nd isotopic compositions of any residues following the acetic acid leach 

stage: SNd values of all leached samples (Bla,b: -17.89 ± 0.12; B2a,b: -18.09 ± 0.01) 
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are very similar to those of the bulk sediment (—17.88 ± 0.14). This is almost 

certainly due to the low REE concentrations of marine carbonates. 

3.5.3 Removal of Fe-Mn oxyhydroxides 

The main result from this part of the experimental procedure was that both the Sr 

and the Nd isotopic composition of the residues showed a significant trend away from 

carbonate-free residue compositions, toward more and less radiogenic ratios, 

respectively (Fig. 3.2 and 3.3). This analysis demonstrates that a significant 

component of seawater-derived Sr and Nd must be extracted during this leaching 

process. Therefore, removal of this authigenic phase must be considered essential if 

one is to analyse the isotopic composition of the clay-rich detrital fraction with any 

accuracy. 

Results for three different Fe-Mn leaches are shown in detail in Fig. 3.3 (see also Fig. 

3.1, C). Prior to this step, these samples have, undergone treatment with 5% H2O2 

and HOAc. First, we note that both IM and 0.04M HH leaches have extracted a 

relatively pure authigenic seawater component (IM leach - Cl-L: ^^Sr/ ^^Sr = 

0.709409 ± 9; 0.04M leach - C4-L; 0.709481 ± 18). This can be compared to the 

OA-AO leach (C5-L: 0.712428) which, clearly, must be strongly contaminated with 

radiogenic Sr from the detrital phase (Table 3.1). In this sequential leaching 

procedure, therefore, the use of oxalic acid (OA-AO) is shown to be inappropriate. 

The slight shift in ^^Sr/ ^^Sr of the two different HH leachates, away from the exact 

modem seawater value, is discussed in greater detail, later (section 6). 

Another striking feature, apparent in Fig. 3.3b, is the major difference between the Sr 

isotopic composition of the detritus left by the two different HH leaches (Cla,b: 

0.731822 ± 220 after IM HH leach; C4a,b: 0.726277 ± 89 after 0.04M HH leach). 

This observation suggests that the 0.04M HH leach is less efficient than the IM HH 

leach, and that some Fe-Mn oxides are probably still left in the residue after the 

0.04M leach, shifting the Sr isotopic composition of the residue toward ^^Sr/ ^^Sr 

seawater values. Using a simple binary mixing model (Faure, 1986), we can estimate 

the percentage of Fe-Mn oxides removed by the different Fe-Mn leaches conducted. 

As suggested later (section 3.7.2.2), Sr in our Fe-Mn leachates could also derive from 

some residual biogenic material which has not been dissolved during the first leach 
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with acetic acid. However, for this study, we simply use Sr for an inter-comparison of 

mass balance between different aliquots of a single common sample from which the 

same amount of carbonate fraction has been leached in the same way i.e. on a 'like-

for-like' basis. Thus, these mass balance calculations, using Sr isotopes, give us 

useful information concerning the efficiency of the Fe-Mn 'oxide' leaching using 

different chemical reagents. What is the case, however, is that the ^^Sr/ ^̂ Sr isotopic 

composition of the leachates (see in Fig. 3.3) could be influenced by the incorporation 

of minor residual carbonate phases during the leaching step and could potentially be 

affected differently in samples with much higher carbonate contents (see section 3.6). 

The relationships between Sr concentrations and isotopic ratios are given in the 

following equations; 

t (3-1) 

(3.2) 

where: residue B represents the residue left after the acetic acid leach (Fig. 3.1, B); 

Fe-Mn represents the HH leachate; residue C represents the residue left after the HH 

leach; and x represents the fraction of Fe-Mn oxides removed during HH leaching 

upon the residue generated during the previous acetic acid leach. A Sr concentration 

of SOOppm is chosen for the two Fe-Mn leachates (see Table 3.3), and values of 

120ppm and 1 lOppm are used for the Sr concentration of the residues left behind by 

the 0.04M and IM HH leaches, respectively (see Table 3.3). From equations (1) and 

(2), the percentage of Fe-Mn oxides removed during each leach can be calculated as: 

100 

Our calculations confirm that the 0.04M HH leach has clearly removed less 

authigenic material (3% weight) from the residue left behind by the acetic leach than 

the IM leach (10% weight) (see Table 3.3). This is important because it indicates that 
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Table 3.3. Estimation of the % of Fe-Mn 'oxide' removed during the three different 
leaching methods by binary mixing calculations 

leach stage mineral fractions ^Sr / ^ S r [Sr] ppm 
X - % Fe-Mn 'oxide' removed 

1 during the leaching procedure 

1M HH residue 81 (before HH leach) 0.7241$.-

residue 01 (after HH leach) 0.73182 110 

Fe-Mn leachate - 01-L 0.70941 500 10.3 

0.04M HH residue B1 (before HH leach) 0.72411 

residue 04 (after HH leach) 0.72628 120 

Fe-Mn leachate - 04-L 0.70948 500 3.4 

OA-AO residue B1 (before HH leach) 0.72411 

residue 05 (after HH leach) 0.72858 110* 

Fe-Mn leachate - 05-L 0.71243 380* 10.0 

see text (section 3.5.C.) for explanations 

* estimated value 
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weak HH solutions (e.g. 0.02M from Chester and Hughes, 1967; 0.04M from Tessier 

et al., 1979) are not suitable for the removal of Fe-Mn oxides from marine sediment 

samples when one also wants to measure, accurately, the Sr isotopic composition of 

any marine sediment's detrital fraction. By assuming Sr concenfrations of 380ppm 

and 1 lOppm for the OA-AO leachate and the corresponding residue, respectively, our 

same binary mixing model indicates that the OA-AO leach, just like the IM HH 

leach, removes approximately 10% weight from the residue left after the acetic acid 

leach (Table 3.3). If we consider that the aggressive oxalic acid leach, which partly 

attacks the clay-rich fraction, has efficiently extracted the whole Fe-Mn fraction, this 

suggests that the removal of Fe-Mn oxides has been fully completed by the IM HH 

leach. The Sr isotopic composition of the residue left behind by this latter procedure 

(Cla,b: 0.731822 ± 220) is likely to represent the true ^'Sr/ ^^Sr value of the carbonate 

and ferromanganese oxide-free sediment fraction. Just as was observed during the 

acetic acid leach, samples treated with 5% H2O2 exhibit higher residual ^^Sr/ ^^Sr 

ratios (Cla,b: 0.731822 ± 220), and lower leachate ^'Sr/ ^^Sr ratios (Cl-L; 0.709409 ± 

9), than pre-roasted samples (C2: 0.725762 ± 105, and C2-L: 0.711095, respectively). 

3.5.4 Removal of opal 

Because biogenic silica was relatively abundant in the samples that we have 

analysed, a final NaOH leach was employed, which removed a significant part ( -

30%) of the total residue remaining after the IM HH leach stage. However, this final 

leach only exhibited a minor impact upon the measured Nd and Sr isotope 

compositions of the residual fractions (Table 3.1, Fig. 3.2). This observation likely 

arises because of the very low concentrations of both Nd and Sr in marine opal 

(Grousset et al., 1998) when compared to rharine carbonates, Fe-Mn oxides and 

aluminosilicate material. It is suggested, therefore, that the removal of opal is not 

required for the reliable isotopic analyses of any residual detrital fraction. 
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3.6 Synthesis - Recommended analytical procedure 

Our final procedure is schematized in Fig. 3.4. From the results of the 

experimental analysis described above, the following procedure has been adopted. 

Between 300 and 1000 mg of fi-eeze-dried sediment are used, according to biogenic 

content, to yield a predicted detrital fraction (after carbonate and Fe-Mn 'oxide' 

removal) of 150-200mg. For sediments with ~ 10-40 wt % carbonates, the carbonate 

fraction and any exchangeable fraction are first removed by placing the pre-weighed, 

ground bulk sediment in a glass beaker with 12ml of 10% (v/v) acetic acid. For 

sediments with higher carbonate contents, an increased volume of 10% acetic acid 

should be added proportionally. The beaker is placed in an ultrasonic bath for 4 

hours. The suspension is then rinsed into a centrifuge tube and centrifuged for 5 

minutes at 3000 rpm. The clear supernatant is decanted. The centrifuge tube is filled 

with 6ml of ulfrapure distilled water, stirred, and then centrifuged again. In order to 

completely wash the residue, the same procedure is repeated once more. The washed 

residue is transferred into a pre-weighed P.T.F.E. pot, taken to dryness and weighed. 

Iron and manganese oxides are extracted by adding 10ml of a mixture of IM-

hydroxylamine hydrochloride solution in 25% (v/v) acetic acid (HH) (see Chester and 

Hughes, 1967). This is performed on a hotplate over 3 hours, at 90°C, with 

occasional agitation every 30 minutes. The solution is then centrifuged as above; but 

the centriftiged rinse and the first wash are collected together in a common 

scintillation vial. This Fe-Mn leachate is then filtered through a cellulose nifrate 

membrane Whatman ® filter (0.45|j,m). After addition of 1ml of concentrated nitric 

acid (to remove any excess reducing agent), the Fe-Mn leachate is then evaporated to 

dryness and taken up in 6M HCl. The residue is fransferred into a pre-weighed glass 

beaker and taken to dryness before re-weighing. 

Next, the organic fraction is removed by addition of 10ml, 5% H2O2. The glass 

beaker is left overnight on an automatic shaker. The entire Fe-Mn oxide centriftiging 

and washing procedures are then repeated and the resultant residue, the 'detritus', is 

transferred into a pre-weighed Teflon pot, dried, and then weighed by difference. 
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Fig. 3.4. Recommended chemical procedure. See text (section 3.6) for details of the procedure. 
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Finally, this detrital phase is treated with 2ml of aqua regia to ensure that no 

refractory organic material remains prior to final digestion. The final detritus is 

digested for 48 hours, at 170°C on a hotplate, using a HF-HCIO4 (3ml/2ml) mixture. 

After evaporation to dryness, another 1.5ml of HCIO4 are Wded in order to ensure 

that no insoluble fluorides are left behind. Once dried to a perchloric 'cake', the final 

sample is taken up in 6ml of 6M HCl. The various 'mother' solutions are then ready 

for final chemical separation prior to isotope analysis (see section 3.3, earlier). 

3.7 Applicability of the technique - Southeast Atlantic case study 

3.7.1 Overview 

In order to evaluate the chemical procedure developed, we have studied samples 

from a sediment core situated in the Cape Basin, southeast Atlantic Ocean. Core 

MD96-2086 was recovered during NAUSICAA - IMAGES II cruise at 25° 48.8' S, 

12° 7.7' E; 3606m water depth. The core is situated at the present-day boundary 

between North Atlantic Deep Water (NADW, ~ 1200-3600 m water depth), and 

underlying Lower Circumpolar Deep Water (LCDW, below 3600 m), which fills the 

deepest parts of the Cape Basin. The site is of great interest, paleoceanographically, 

because it may preserve a record of any change in deep open circulation during the 

Late Quaternary. The behaviour of NADW during the last glacial maximum (LGM), 

some 20,000 years ago, has received much attention within the paleoceanographic 

community since it was first suggested that weakening of this current may have 

triggered or enhanced past climate changes (Broecker and Denton, 1989). 

Conventional paleo deep-water circulation proxies, such as benthic foraminiferal 

Cd/Ca and Ŝ ^C records (e.g. Boyle and Rosenthal, 1996) have led to conflicting 

results in the South Atlantic Ocean. Whereas Cd/Ca elemental ratios suggest that the 

ventilation of the South Atlantic was not significantly different during the LGM and 

the Holocene (e.g. Boyle, 1992), the 5^^C signal in benthic foraminifera indicates that 

the chemical properties of glacial bottom water in the Cape Basin resemble 

contemporaneous deep water in the Pacific Ocean, implying a strong diminution of 

the export of NADW to the Southern Ocean (e.g. Charles and Fairbanks, 1992). By 
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studying a deep-sea core from the southern Cape Basin (core RC11-83), Rutberg et al. 

(2000) have recently addressed part of this argument by suggesting, from the use of 

Nd isotope compositions in Fe-Mn fractions, that the influence of NADW was 

considerably reduced in the southern Cape Basin during the LGM. Our aim, 

therefore, has been to examine whether it is possible to reproduce a trend similar to 

that of the Rutberg et al. (2000) data in core MD96-2086 from the northern Cape 

Basin, whilst simultaneously isolating both detrital and Fe-Mn oxide fractions. 

In order to assess whether the separation of both Fe-Mn oxide and detrital fractions by 

our chemical procedure has been effective, we have analysed major element 

concentrations in our Fe-Mn leachates in addition to the measurements of REE 

element and Nd and Sr isotopic compositions in the two fractions. 

3.7.2 Results 

3.7.2.1 Major and REE elements 

Major (Al, Si, Ca, Ba, P, Fe, Mn and Ti) and REE element data for core MD96-

2086 samples are listed in Table 3.4. Major and trace element data will be discussed 

in more details later in Chapter 5 when dealing with all our southeast Atlantic cores. 

These data have been normalized following an approach described in section 3.7.2.3. 

In the Fe-Mn leachates of core MD96-2086, Al and Ca concentrations are high (-11-

15 % and -15-24 %, respectively). Concentrations of Fe are variable (~ 6-20 %) 

whereas Mn concentrations are comparatively low and constant (~ 1000 ppm). In the 

upper sedimentary column of marine sediments, Fe and Mn concentrations are 

controlled primarily by early diagenetic processes linked to the decomposition of 

organic material {e.g. Froelich et al., 1979). Because the Southwest African margin is 

a highly productive upwelling area {e.g. Bertrand et al., in press), active early 

diagenetic processes are expected to take place in the sedimentary column, leading to 

the dissolution of Mn-oxyhydroxides. This explains the low Mn concentrations 

measured in our Fe-Mn leachates. REE concentrations in the Fe-Mn leachates are 

significantly higher than in the detrital fractions (from 5 to 35 times). The behaviour 

and cycling of Fe-Mn oxyhydroxides and associated REE during early diagenesis will 

be discussed later in Chapters 5 and 6. 
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Table 3.4. Core MD96-2086 - Major and rare-earth element (REE) concentrations 

sample residue Fe-Mn leachates 

86 - 41/51 86-81/91 86-121 86-161 86- 1421 86- 1441 86- 1481 8 6-1511/21 86-41/51 8 & M # 1 8&%M 86-161 86-1421 86-1441 86-1481 86-1511/21 

W(%) - - - - - - - - 14.6 13.9 1 2 5 13.2 11,5 13.6 12L4 11.6 
a ( % ) 

- - - - - - - - - - 1M5 4M8 0.82 1 1 9 0.88 0.81 
Ca(%) 

- - - - - - - - 23.5 2 i a 2 1 5 19.1 18,6 15.0 19.9 2 3 7 
Ba (%) 

- - - - - - - - - 1.90 1.99 0.98 0,97 0.74 1.63 1.39 
Fe (%) 

- - - - - - - - 6.2 9.8 1 i a 1&9 18M 19.5 13,4 9.6 
^®auth. (%) - - - - - - - - 6.1 9.7 1 1 8 10.7 18,0 19.4 13,3 9.6 
P(%) 

- - - - - - - - 0.77 0,67 0.71 OvG 0,64 0.60 0,65 0.99 
Mn (ppm) - - - - - - - - 826 1003 860 685 1065 1117 1117 1339 
Ti (ppm) 

- - - - - - - - 108 137 132 235 106 144 105 92 

La 22.9 27.1 29,1 26.1 22.5 21.3 2 ^ 3 18.3 180 246 273 209 266 341 » 331 397 
Ce 3&5 4&4 54.6 4&3 41.7 39.5 36.3 3 2 J 228 329 387 354 449 691 662 563 

Pr 4.95 5 7 0 6.31 5.70 4.88 4.56 4 ^ 9 4.05 3&0 51.4 56.7 47.7 58.8 8 2 0 80,2 90.4 
Nd 20.6 23.1 26.0 2&5 20,4 19.3 18.1 16.4 156 227 250 213 253 360 345 406 
Sm 3.60 4.13 4.81 4U1 3.58 3.61 3.20 2 9 2 31M 46.0 49,4 4 2 7 50,2 71.8 71.0 82.1 

Eu 1.00 0.94 1.09 0.96 0 J 5 0.75 0 6 6 0.63 8.5 11.5 1 1 ^ 9.1 1 0 9 15.3 15.5 18.5 
Gd 2U9 3.65 4.28 3.B8 3 2 0 3.00 2.57 2.55 38.7 Eae 5&3 48.3 54,6 77.5 73.0 90.5 
Tb 0.51 0.56 0.68 0 5 7 0.49 0.46 0.41 0.41 6.7 8.6 8,5 7.7 8,7 12.4 11.8 14.2 

Dy 3.65 4.14 3 7 7 3 2 7 3.01 2.86 2.69 35.5 50.2 48.3 4 1 5 48.9 67.1 64.6 81.4 

Ho 0.64 0.80 0.87 0.80 0 7 3 0.65 0.61 0.54 7.7 10.3 9,6 8.2 9.3 12.8 12.4 16.6 

Er 2.05 2U9 2.58 2.38 2.07 1.90 1.73 1.63 2&3 29.9 2&6 22.6 25.7 3&8 33.1 44.5 

Tm 0.31 0.34 0.41 CUB 0 ^ 3 0.29 0.28 0.25 2.97 4,01 3,50 2 8 2 3.35 4.31 4.40 5.78 

Yb 1.84 2.25 2 4 8 2.39 2U8 1 9 3 1.66 1.59 1 8 2 2 4 8 2 1 4 18.4 19.8 25.3 26.7 35.0 
Lu 0 J 2 0.34 0.40 0.39 0.32 o ^ a 0 2 8 3 2 6 3.86 3,19 2 59 2 7 4 3.66 3.80 5.43 I 

w 
Corrections of oxide and hydroxide interferences were determined by analysing the following four solutions at the beginning of the measurement cycles: 
Ba, Ce, Pr + Nd and 'Sm + Eu + Gd + Tb (approx. 5ng/g for each element) 'according to the procedure of Barrat et al. (1996). REE concentrations are in ppm. 
Major and REE element concentrations have been normalized according to the procedure described in section 3.7.2.3. REE concentrations have been 
corrected from detrital contamination (see text for explanations). 
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Table 3.5. Core MD96-2086 - Sr and Nd isotope analyses 

residue leachates 

sample age 
(kyr) 

=̂ Sr/==Sr %SE 
(10") 

'̂̂ Nd/ %SE 
dCT) 

SNd %SE 
(10") 

^"^Nd/^^Nd %SE 
( m l 

N̂d Swd 
corrected* 

41-51 4.4 

81-91 8.1 

121 10.5 

161 13.0 

1421 

1511 

1521 

0.715239 5 

0.716906 10 

0.716338 6 

0.716264 8 

0.512029 6 

0.512055 6 
0.512117 21 
0.512130 8 

-11.84 ± 0.12 

-11.33 ± 0.12 

-10.12 ± 0.41 

-9.87 ± 0.16 
0.709317 7 

0.709345 7 

0.512038 23 

0.512094 18 
0.512184 4 
0.512240 9 

-11.67 ± 0.45 -11.66 

-10.57 ± 0.35 -10.55 

-8.82 ± 0.08 -8.79 

-7.72 ± 0.18 -7.63 

' value corrected from detrital contamination - see text (section 6.3) for explanations 
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(our data) 

Fe-Mn fraction - core MD96-2086 
(our data) 
Fe-Mn fraction - core RC11-83 
(Rutberg et ai, 2000) 
S"0 - MD96 -2086 
(Bertrand et a!.. In press) 

Fig. 3.5. Downcore variations of Sr and Nd isotopes in core MD96-2086. a) ^"Nd/ of Fe-IVIn ieachates 
and detrital fractions, and b) "Sr/ ®°Sr ratios of detrital fractions and benthic foraminifera 5'°0 versus age. 
Ages and values are from C. Pierre. Nd isotopes of both detrital and Fe-Mn fractions follow the climate 
signal. Nd isotopes of Fe-Mn leachates vary from North Atlantic Deep Water (NADW) values (8%, = -11.67) 
during the Holocene to CDW values (sw = -7.72) during the last glacial maximum (LGM). "Sr/ °°Sr ratios 
do not follow the climatic signal. The Êd values of Fe-Mn oxide fractions from the southern Cape Basin core 
RC11-83 (Rutberg et al., 2000) are shown for comparison. The offset observed between the 'authigenic' 
record of the two cores was more pronounced in the Late Holocene (RC11-83: -8.39; MD96-2086; -11.67) 
than during the LGM some 14,000 years ago (RC11-83; -7.35; MD96-2086; -7.72). This is consistent with 
the influence of glacial NADW being strongly reduced in the deep southeast Atlantic Ocean during the LGM. 
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3.7.2.2 Nd and Sr isotopes 

Isotopic results are listed in Table 3.5 and plotted in Fig. 3.5. The Nd isotopic 

composition of core MD96-2086 detrital fractions ranges progressively from SNd = -

11.84 in the Recent period to swd = ^ .87 during the last glacial maximum (Fig. 3.5a). 

Contrary to Nd, the Sr isotope record of the detritus does not match the climatic signal 

(Fig. 3.5b). The SNd of the Fe-Mn leachates is strongly shifted from the Late 

Holocene (-11.67) toward more radiogenic values in the glacial period (-7.72). In 

addition, Fe-Mn leachates (off-scale in Fig. 3.5b) all show uniform but slightly more 

radiogenic Sr isotopic values (0.709317 and 0.709345 for core MD96-2086, 0.709409 

± 9 for the test sample - CI) than modem seawater (Tables 3.1 and 3.5). The 

paleoceanographic implications of these data are examined at the end of this section 

(section 3.7.4). 

3.7.2.3 Data normalisation 

During the preparation of our samples, leaching of the Fe-Mn fraction with 

hydroxylamine hydrochloride solution appeared to induce a weight change of the 

residual fraction, thereby precluding accurate weighing of the mass of Fe-Mn oxide 

removed. To overcome this, a uniform, representative, sample size of 10 mg has been 

assumed for the normalisation calculations. Because this approach only affects 

absolute abundances of the elements that have been analysed, however, the reported 

element/element ratios and the shapes of the REE patterns which are of interest 

remain unaffected. 

The fractions of sediments leached with hydroxylamine hydrochloride solution are 

significantly enriched in A1 (Table 3.4). In marine sediments, concentrations of A1 

are often dominated by the abundance of terrigenous phases but have also been shown 

to be influenced by biogenic material (mainly opal) in high productivity areas {e.g. 

Murray et al., 1993; Dymond et al., 1997). Because Al/Ti values in our Fe-Mn 

leachates (~ 1000) are much higher than the typical shale ratio (PAAS, ~ 16.7), this 

suggests a non-crustal source for the excess Al we observed (Dymond et al., 1997). 

Instead, a considerable amount of Al in our Fe-Mn leachates probably derives from a 

biogenic source. This assumption is further supported by the evidence that the 
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concentrations of Ti (~ 130 ppm) and Si (~ 1.5%) in the Fe-Mn leachates are also 

rather low, suggesting that no significant detrital contamination has occurred during 

the leach with the hydroxylamine hydrochloride solution. 

Because Ti concentrations in biogenic material are very low (~ 3 ppm, Dymond et 

al., 1997), we assume here that Ti contents measured in our Fe-Mn leachates are 

derived exclusively from contamination by terrigenous (detrital) material during the 

leach with the hydroxylamine hydrochloride solution. Using the chemical 

composition of Post-Archean Australian Shale (PAAS, Taylor and McLennan, 1985), 

we then calculate model concentrations of other detrital major elements {i.e. Si, Ca, 

Fe, Mg, K) in the Fe-Mn leachates. The sum of these concentrations represents an 

estimate of detrital contamination as a weight percentage of total material released 

during this leach. The high calcium concentrations that have been measured in the 

Fe-Mn leachates also suggest that biogenic material (possibly carbonates left behind 

following the acetic acid leach) may also have been dissolved together with opal and 

Fe-Mn oxyhydroxides during leaching with hydroxylamine hydrochloride. We 

calculate this biogenic fraction using % CaCOs + 'excess' AI2O3 and SiOi + Ba 

(another element which is typically enriched in marine sediments underlying highly 

productive areas - see chapter 5). We define 'excess' Al (and Si, Ca) following 

(Dymond et al., 1997): 

Al excess ^ Al total — (Al/Ti pAAS • Ti total) (3.4) 

In marine sediments, Fe-Mn oxyhydroxides can be enriched significantly in P and 

transition metal elements (Cu, Zn and Ni) during early diagenesis (e.g. Hem et al., 

1989, Slomp et al., 1996 - see chapter 5). The percentages (wt %) of the detrital, 

biogenic and Fe-Mn oxyhydroxide fractions present in the leachate solutions were 

calculated as: 

% detritus = AI2O3 det + FeO det + CaO det + K2O det + SiOi det + MgO det (3.5) 

where det, the detrital concentration of the element x in the Fe-Mn leachate is: 

;Cdet = Ti . (x/Ti PAAs) 

% biogenic Ca sxcessCOg 4" Al excess 2O3 + Si excessO2 ^ 8a (j.6) 
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% Fe-Mn oxyhydroxides = FeauthOOH + MnO + P + Cu + Ni + Zn (3.7) 

where auth, represents the concentration of the elements associated with the pure 

Fe-Mn oxyhydroxide fraction: % auth = ^ total - % det 

A-

By assuming that the sum (Zfractions) of the detrital, biogenic and Fe-Mn oxyhydroxide 

fractions should totalize 100% in all cases, a factor (/ioo%) is then calculated which 

normalized all the leachates to Sfeotions = 100%. All the Fe-Mn leachates are finally 

normalized by multiplying their elemental concentrations (major and REE elements) 

by/ioo%. 

f 100 
J 100% r ' 

/ fractions 

This normalizing approach ultimately allows one to calculate the original mass of 

material removed during the hydroxylamine hydrochloride leach. 

Wtremoved{mg) = ( 3 . 9 ) 

yioo% 

Calculated values of f l00% and wt removed will be shown later in chapter 5 when 

dealing with all our studied cores. 

The average composition of the Fe-Mn leachates which is calculated by this 

normalisation process becomes: detritus (2%), biogenic material (76%) and Fe-Mn 

oxyhydroxide fraction (22%). This shows that it is analytically very challenging to 

quantitatively extract a pure Fe-Mn fraction from any marine sediment by sequential 

leaching without any contamination. However, because of the very low Nd 

concentrations in carbonates (~ 10 ppb. Palmer, 1985) and biogenic silica (~ 3ppm, 

Grousset et al., 1998), the incorporation of biogenic material during the leaching step 

with hydroxylamine hydrochloride would not influence the Nd isotopic composition 

of the Fe-Mn leachates significantly. In the following section, therefore, we attempt 

to evaluate whether the ~ 2% detrital contamination we have identified has a 

significant impact on the Nd isotopic composition of the Fe-Mn leachates. 
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3.7.3 Efficiency of the separation of Fe-Mn oxyhydroxides from 
the detrital fraction 

Because the seawater ^^Sr/ ^^Sr composition is uniform within the modem-ocean 

{i.e. 0.7092), any substantial departure of the Fe-Mn leachate from this value probably 

indicates that the chemical reagent used for the leach {i.e. hydroxylamine 

hydrochloride) has partially attacked the terrigenous fraction and that the leachate has 

incorporated detrital Sr with an isotopic signature distinct from that of seawater. The 

Sr isotopic composition of the Fe-Mn leachates from core MD96-2086 is slightly 

more radiogenic (-0.7093) than the modem seawater value. Two possibilities may 

explain this offset. First, detrital contamination may occur during the leaching 

procedure. This hypothesis is supported by the observation that supematants that are 

not filtered after the centriftiging of the leachates show even more radiogenic ratios 

(-0.7099). Although the pore-size of the filters used is 0.45 pm, some finer colloidal 

particles may not be retained at this stage and may shift the measured ^^Sr/ ^^Sr ratio 

toward more radiogenic values accordingly. A second explanation could be that our 

Fe-Mn precipitates are slightly contaminated by detrital material during early 

diagenetic processes. Both the above explanations are consistent with the presence of 

Ti, A1 and Si in the Fe-Mn leachates. In our leached Fe-Mn fractions, most of the 

contamination comes from biogenic material {e.g. carbonate, opal) and, to a lesser 

degree, the terrigenous component of the sediments. Due to the strong Sr enrichment 

in carbonates, dissolution of even a small quantity of carbonate would release a 

significant amount of Sr into the leachates, with a seawater-like isotopic signature, 

likely to be more than sufficient to mask any possible detrital contamination. 

Therefore, a seawater-like ^'Sr/ ^^Sr signature for a Fe-Mn oxide leached fraction is 

no guarantee that the leachate has not experienced any detrital contamination during 

the leach with hydroxylamine hydrochloride. 

A more rigorous way to evaluate the effect of detrital contamination on the ^^^Nd/ 

^ ' ^ d composition of any leachates is to measure both the Nd isotopic composition 

and concentration of each detrital phase left behind by the hydroxylamine 

hydrochloride leach (Table 3.5). Then, using the percentage of detrital contamination 

calculated from our normalisation approach, one can correct the measured 

^ ' ^ d ratios of the Fe-Mn leachates from the detrital contamination by simple mass 
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calculations (Faure, 1986). The effect of this 'detrital correction' upon the isotopic 

composition of leachates from core MD96-2086 can be seen in Table 3.5 where 

corrected SNd values are listed. Variations that can be observed between corrected and 

uncorrected SNd values are very small compared to both the natural variations in Fe-

Mn leachate isotopic compositions which occur down the core and the analytical 

errors for the analyses (Table 3.5). This is primarily due to the fact that Nd is more 

concentrated, by one order of magnitude, in authigenic Fe-Mn oxyhydroxides than in 

detrital fractions. We calculate that the contribution of detrital Nd to the Nd measured 

in the Fe-Mn leachates of the studied samples is, on average, below 2%, which is 

negligible. Even if we assumed that all the Si present in the Fe-Mn leachates derived 

from some terrigenous component, the contribution of detrital Nd to the leachates 

would still be less than 3.5%, which remains insignificant. 

Another way to examine the extent of the detrital contamination in the Fe-Mn 

leachates is by considering the rare earth elements (REE) of both detrital and Fe-Mn 

fractions. Shale-normalised REE patterns of the detritus and Fe-Mn oxide fractions 

are presented in Fig. 3.6 and REE values are listed in Table 3.4. These REE 

concentrations of the Fe-Mn leachates have been corrected from the effect of the 

detrital contamination. The two fractions are quite distinct from one another. All 

detrital fractions exhibit a nearly flat shale-normalised REE pattern. Indeed, the REE 

concentrations of most shales and deep-sea sediments show similarly invariant 

patterns, representative of typical 'average' Upper Continental Crust {e.g. McLennan, 

1989). By contrast, the Fe-Mn leachates measured here exhibit both higher total REE 

concentrations and a pronounced negative Ce anomaly, together with enrichment in 

the middle (M-) REE compared to the light (L-) and heavy (H-) REE. As mentioned 

earlier, the dispersed Fe-Mn oxyhydroxide component from deep marine sediments is 

mainly present in the form of coatings on foraminifera or as a cement between 

particles; formation of these Fe-Mn oxides is most likely to occur at the sediment-

water interface, principally after deposition of the foraminifera. Palmer and 

Elderfield (1985b) analysed the Nd isotopic composition of coated foraminifera from 

Atlantic Ocean core-top sediments and their results subsequently proved, in most 

cases, to be in close agreement with direct measurements of the overlying seawater 
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Fig. 3.6, Shale-normalised rare-earth element (REE) patterns of both residue and Fe-Mn fractions 
from core MD96-2086. See note " in Table 3.5. REE are normalised to Post Archean Australian 
Shale (PAAS, Taylor and Mc Lennan, 1985). The detrital fractions present a nearly flat pattern 
whereas the REE patterns of the Fe-Mn leachates are characterised by a negative Ce anomaly 
and enrichment in the middle (M-) REE compared to the light (L-) REE and heavy (H-) REE. The 
representative REE pattern for recent Atlantic Ocean foraminiferal Fe-Mn coatings (from Palmer, 1985), 
exhibits characteristics similar to those of our sediment-derived Fe-Mn leachates. 
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Fig. 3.7 Modified from Rutberg et al. (2000). Dissolved silica vs ŝ d values for dissolved Nd in deep-water 
and South Atlantic core-top Fe-Mn leachates (TN057-6 and RC11-83 from Rutberg et al., 2000; MD96-2086 
this study). Leach ate data are plotted against the local bottom-water dissolved silica (TN057-6 and RC11-83 
from Rutberg et al., 2000; MD96-2086 from Bornhold and Summerhayes, 1977) and fall on the Atlantic 
seawater trend. Seawater and Fe-Mn data are from the literature. 
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(Piepgras and Wasserburg, 1987), indicating that oceanic deepwater was the major 

source for the REE in these Fe-Mn oxihydroxide coatings. The average REE 

concentrations in these coating phases has also been estimated (Palmer, 1985), and is 

plotted together with our data in Fig. 3.6, for comparison. The shale-normalized 

'average' REE pattern for these coating phases exhibits a very interesting similarity to 

the dispersed Fe-Mn oxide fractions of core MD96-2086. Although marine Fe-Mn 

deposits typically exhibit a strong positive Ce anomaly {e.g. Bau et al., 1996), similar 

shale-normalised REE distributions have also been described for other oceanic Fe-Mn 

precipitates / deposits {e.g. Elderfield and Greaves, 1981; German et al., 1990; Kuhn 

et al., 1998), and are characteristic of iron oxyhydroxides in general. 

The strong similarity between the shale-normalised REE patterns for both recent 

foraminiferal coatings (Palmer, 1985) and our Fe-Mn leachates (this study) provides 

reassuring evidence that the detrital contamination has only a limited impact on the 

overall REE concentrations in the Fe-Mn leachates. We conclude, therefore, that the 

separation of both detrital and Fe-Mn phases, following our recommended chemical 

procedure, has been effective regarding to the REE and, in particular, Nd. 

Finally, in order to ensure that our chemical procedure can be used to specifically 

analyse the Nd isotopic composition of the Fe-Mn oxyhydroxide fraction of any 

marine sediment, we need to assess if recent Fe-Mn fractions truly record the Nd 

isotopic composition of the present-day local bottom seawater. In this regard, 

Rutberg et al. (2000) have developed the 'silica test' which can be used to compare a 

core-top Fe-Mn fraction to the dissolved silica content of local bottom-water. 

Because Nd isotopes and dissolved silica are both considered to be conservative in 

seawater, the two can be used as an index of mixing between NADW (low 8Nd and 

SiOz) and water derived from the Southern Ocean (high Sm and SiOa). NADW, 

typically, has a non-radiogenic signature (sNd = -13.5) whereas southern water masses 

carry the radiogenic signal of South Pacific deep-waters (sNd > -7) injected via the 

Drake Passage {e.g. Piepgras and Wasserburg, 1980, 1982, 1987; Albarede et al., 

1997). In Fig. 3.7, recent sample 2086-41/51 (sm = -11.67) and local bottom-water 

([Si] = 50pmol 1"*; Bomhold and Summerhayes, 1977) plot exactly on the trend 
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shown by Rutberg et al. (2000). This provides further strong support that a true 

seawater signal is recorded in the Fe-Mn component of core MD96-2086. 

3.7.4 Implications m paleoceanography 

In agreement with Rutberg et al. (2000), we attribute the strong shift in the SNd 

values of core MD96-2086 Fe-Mn oxide fractions, from the Holocene to the last 

glacial maximum (Fig. 3.5a), to a decrease of the influence of NADW and, 

consequently, to a more important contribution from Southern Water masses in the 

Cape Basin during the last glacial maximum. Thus, the reorganisation of deep-water 

circulation during the LGM, identified in the southern Cape Basin by Rutberg et al. 

(2000) must also have occurred in the northern deep Cape Basin. The more 

pronounced shift observed in our core (MD96-2086 leachates; 4£Nd units) relative to 

that of core RC11-83 Fe-Mn fractions (2snci units), however, suggests, that the 

northern Cape Basin site was more sensitive to these deep-water changes. The major 

difference in the Nd isotopic composition of the Fe-Mn fractions of both sites 

observed in the Late Holocene samples (-8.39 for core RCll-83, -11.67 for core 

MD96-2086) was considerably reduced around 14,000 yrs ago (-7.35 for core R C l l -

83, -7.72 for core MD96-2086). This would imply that NADW was nearly absent in 

the northern Cape Basin at 3500m water depth in glacial times. The Nd and Sr 

isotopic compositions of the detrital fractions in core MD96-2086 also reflect changes 

in deep-ocean circulation, but are also sensitive to nearby continental processes (see 

chapter 4). 

3.8 Conclusions 

We have developed a sequential leaching procedure which allows the separation 

of both detrital and Fe-Mn fractions from marine sediments for Nd and Sr isotopic 

analysis. A series of tests has been performed on a representative marine sediment 

sample to assess the effects of each chemical treatment on the isotopic composition of 

the resultant residues. Results show that extraction of both carbonates and Fe-Mn 

oxyhydroxides has a significant impact on the ^^Sr/ ®̂Sr and '"^^Nd/ composition 

of the final detritus. It is clear, therefore, that these fractions should be quantitatively 
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removed prior to any isotopic study aiming to determine, with accuracy, the detrital 

provenance of any marine sediments. For Fe-Mn oxyhydroxide extraction, a mixture 

of IM-hydroxylamine hydrochloride solution in 25% (v/v) acetic acid (HH) is 

recommended. Extraction with a weaker solution (0.04M HH) leads to incomplete 

removal of the Fe-Mn oxide component which shifts the isotopic composition of the 

detritus, significantly, towards seawater values. We have applied our recommended 

chemical procedure to a set of deep-marine sediment core samples from the northern 

Cape Basin, in the southeast Atlantic Ocean. 

In addition to the measurement of ^^Sr/ ®̂Sr ratios in Fe-Mn leachates and the 

'silica test' developed by Rutberg et al. (2000), REE patterns of both our detrital and 

Fe-Mn fractions provide confirmation that we have separated the authigenic seawater 

signal from that of the detrital phase effectively. As evidenced by major element data 

in the Fe-Mn leachates, contamination of the Fe-Mn leachates by biogenic material 

(e.g. carbonate and opal) and, to a lesser degree, the terrigenous fraction occurs during 

the sequential leaching. This shows that a quantitative separation of a pure Fe-Mn 

oxyhydroxide fraction from any marine sediments without contamination remains 

analytically very challenging. However, due to the very low Nd concentrations in 

carbonate and biogenic silica, the effect of the contamination is minor upon the Nd 

isotopic composition of the leachates. The contribution of detrital Nd to the Nd 

measured in Fe-Mn leachates from our studied samples is < 2% on average, and 

negligible. The Nd isotopic compositions of Fe-Mn leachates from the northern Cape 

Basin suggest that the influence of NADW was strongly reduced at this site during the 

Last Glacial Maximum in agreement with the less pronounced variations reported by 

Rutberg et al. (2000) for the southern Cape Basin. 
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Strontium and neodymium isotopes in the detrital 

fractions 

Abstract 

Thermohaline circulation plays a major role in climate change (Broecker and 

Denton, 1989). In the present-day, the formation of North Atlantic Deep Water feeds 

a 'global conveyor belt' which redistributes heat around the Earth. Atlantic deep-

water progresses south toward the Southern Ocean, where it mixes with Circumpolar 

Deep Water and flows onward into the Indian and Pacific oceans (Broecker, 1991). 

Numerous studies of sedimentary records from the Southern Ocean have led to the 

general consensus that the formation rate of North Atlantic Deep Water decreased 

during the last glacial stage, triggering or enhancing global cooling (Broecker and 

Denton, 1989, Charles and Fairbanks, 1992, Bickert and Wefer, 1996, Boyle and 

Rosenthal, 1996, Dieckmann et al., 1996, Rutberg et al., 2000). In this study, we have 

used neodymium isotopic analyses of the clay-rich detrital fraction in sediments fi^om 

the southeast Atlantic Ocean to determine the provenance of this sediment and its 

transport mechanism during the Late Quaternary. 

The three main sources of detritus to the deep southeast Atlantic are: 1) clays 

delivered to the equatorial Atlantic by the Congo River and transported south by 

NADW, 2) material from the southwestern Atlantic province advected north by 

CDW, and 3) aeolian dust blown from the Namib Desert. There is no evidence of 

contribution by any other terrigenous sources to the deep southeast Atlantic 

throughout the Late Quaternary. 

During glacial periods, the influence of Congo River decreased in both the Angola 

and Cape basins, whilst the contribution from southwestern Atlantic clays increased. 

This result is in agreement with the findings of previous workers, using conventional 

paleoceanographic proxies, indicating that the relative influence of Atlantic deep-

water in the South Atlantic decreased during the last glacial maximum. During 
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glacial periods, accumulation rates of material from the southwest Atlantic greatly 

increased whereas those of Congo River clays remained relatively constant. This 

suggests that the reduced relative influence of North Atlantic Deep Water during the 

last glacial maximum could be due to enhanced Circumpolar Deep Water flow, rather 

than any weakening of the deep Atlantic flow, itself. Finally, it is hypothesized that 

the circulation operating during glacial periods could have required an additional 

source of deep-water formation. 

4.1. Introduction 

Previously, various proxies have been used to investigate the general pattern of 

deep-water circulation during the last glacial maximum (Broecker and Denton, 1989, 

Charles and Fairbanks, 1992, Bickert and Wefer, 1996, Boyle and Rosenthal, 1996, 

Dieckmann et al., 1996, Rutberg et al., 2000 - see Chapter 1). The South Atlantic, 

notably the Cape Basin area, is the region where fluctuations in the global influence 

of North Atlantic Deep Water (NADW) can best be monitored (Charles and 

Fairbanks, 1992). By analyzing the Nd isotopic composition of the hydrogenous Fe-

Mn oxide component of southern Cape Basin sediments, Rutberg et al. (2000) have 

demonstrated that the relative influence of NADW was considerably reduced in the 

Southern Ocean during the last glacial maximum. However, a limitation of that 

approach is that the Fe-Mn oxyhydroxide phases, in common with other more 

traditional paleoceanographic proxies (e.g. S^^C, Cd/Ca and Ba/Ca records of benthic 

foraminifers), act as direct or indirect tracers of the chemical composition of past 

water masses. In the South Atlantic and adjacent Southern Ocean, therefore, these 

tracers can only provide information on the relative degree of mixing between 

NADW and CDW during the Late Quaternary; they offer little potential for 

identifying which of these two water masses is responsible for the observed 

variations. 

In marine sediments, clays and other silicate minerals retain their Nd isotopic 

signature during all of: continental weathering, sediment transport and diagenesis. 

Therefore, isotopic analyses of these clay-rich fractions can provide direct and 
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quantitative information on the provenance of the sediment under investigation (e.g. 

McCulloch and Wasserburg, 1978, Grousset et al., 1988, 1998; Nakai et al., 1993; 

Jones et al., 1994; Revel et al., 1996; Innocent et al., 1997; Parra et al., 1997; 

Hemming et al., 1998; Asahara et al., 1999; Walter et al., 2000a; Weldeab et al., in 

press). In addition, measuring both the Nd content and '"̂ ^Nd/ ^"^Nd ratios of detrital 

fractions offers a particular advantage over proxies which record past seawater 

compositions: knowing the total accumulation rate of detrital sediment at any site, one 

can, in theory, calculate the mass accumulation rate derived from each contributing 

detrital source. Thereby, this approach could allow one to determine past variations 

associated with each transport mechanism, independently. In this study, we have 

analysed the Nd and Sr isotopic composition of detrital fractions from five sediment 

cores from the southeast Atlantic (NAUSICAA - IMAGES II cruise - Fig. 1.1a) to 

investigate how variations in deposition from each of CDW and NADW may have 

contributed to observed variations in the glacial Southern Ocean during the Late 

Quaternary. 

4.2. Materials 

Three cores were raised from the northern Cape Basin along a transect from the 

upper continental slope to the deep basin (Fig. 1.1b). These cores were chosen, 

specifically, to investigate the vertical structure of the deep southeast Atlantic water 

column during the Late Quaternary: MD96-2086 (3606m) was collected from the 

modem Lower CDW - NADW boundary and MD96-2098 (2910m) was taken near 

the core of present-day NADW (Reid, 1989); MD96-2087 (1028m) was raised on the 

Upper Namibian continental shelf from the present-day boundary between the Upper 

CDW and NADW. We have also investigated the Nd isotopic composition of two 

further cores, MD96-2091 from the Angola Basin and MD96-2085 from the central 

Cape Basin, which lie north and south along the southward flowing frajectory of 

modern-day NADW (Fig. 2.1a). For cores MD96-2086 and MD96-2091, the isotopic 

record spans the last 200 and 320 kyr, respectively. This extended record allows us to 

investigate whether the provenance of sediment to the southeast Atlantic has changed 

significantly during the Late Quaternary. For the three other cores (MD96-2087, -
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2098 and -2085), we have focused our isotopic measurements on the transition 

between the last glacial maximum and the Holocene. As discussed, later, the Sr 

isotopic compositions of detrital fractions from the Angola and northern Cape Basin 

appear to be a less powerful tool than Nd isotopes, when inferring past changes in 

sediment provenance. Therefore, Sr isotope measurements were restricted to the 

detrital fractions of two cores only: MD96-2091 and MD96-2086 from the Angola 

and Cape Basins, respectively. 

Description of the Ethologies of these cores can be found in Chapter 2. It is 

emphasized that none of the studied portions of the cores are crosscut by turbidites or 

any other gravity-related deposits. 

43. Methods 

The detrital fractions were isolated according to the procedure described in 

Chapter 3, which involves the removal of carbonates, Fe-Mn oxyhydroxides and 

organic compounds from any sediment. The residual 'detrital fraction' left behind by 

the sequential leaching procedure may contain some biogenic silica (Pichevin, 

unpublished thesis). For core MD96-2091 (Angola Basin), data were analysed 

in bulk carbonate fractions. For core MD96-2086, ages and benthic foraminifera 5*^0 

values are from C. Pierre as reported by Bertrand et al. (in press). Ages of cores 

MD96-2098 and -2085 are based on benthic foraminifera stratigraphy (R. 

Schneider and M.-T. Chen respectively, personal communication). Equivalent age 

model/data are not available for MD96-2087. For all five cores, bulk accumulation 

rates of detrital material {i.e. residue left after removal of carbonates, Fe-Mn 

oxyhydroxides and organic compounds) were calculated after cross-calibration with 

core MD96-2086 accumulation rates (Bertrand et al., in press). Accumulation rates of 

material from each detrital sources (Congo River, southwestern Atlantic clays and 

Namibian dust) were calculated using the percentage of contribution of these sources 

modelled from the Nd isotope data. REE and other trace elements were analysed by 

ICP-MS on a VG Plasmaquad 11+ instrument with an external accuracy of 5% (2 s.d.) 

and an internal precision better than 3% (2 s.e.) (Barrat and Nesbitt, 1996). 
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Table 4.1. REE, Ba and Sr data of detrital fractions 

Depth Age La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ba Sr 

(cm) (kyr) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

C a p e B a s i n 

MD96-2087 (Location: 25° 36' S, 13° 23' E, depth = 1028m) 

5 6.3 14.9 2 5 3 3.81 15.6 : i i 2 0.60 3.04 0.51 3.02 0,67 1.97 0 29 2.03 0.30 1829 70 

229 11.5 2&8 4&9 6.49 26 5 5.27 0.95 4 59 0.76 4.95 1.09 3 J 7 0.51 3 4 8 0.54 1106 68 
603 2 3 6 25.3 45.3 5 4 2 2 0 7 4 4 8 0.81 4 J 3 0.58 3.81 0.78 2 36 0.33 2 2 7 0.36 3558 88 

890 43.9 2 0 9 37.4 4.55 1 8 2 3 4 5 0.65 3.07 0 4 8 3.07 0.68 2.08 0.31 2.14 0.32 670 48 
999 65.8 16.0 2 9 3 3.62 1 4 ^ 2.54 0.47 2.09 0.35 2 26 0.47 1.38 0.21 1 4 9 0.23 273 29 

1201 90.8 12.2 21.1 2.66 10.2 2.06 0.36 1.64 0 ^ 7 1.76 0.38 1.16 0.17 1.11 0 1 8 196 23 

1250 94.7 21.1 37.5 4.83 19.2 3.61 0.63 3.05 0.56 : u 4 0.74 2.17 0.32 2.31 0.33 440 38 

MD96-2098 (Location: 25° 36' S, 12° 38' E, depth = 2910m) 

0 6.0 1 2 3 19.3 2.91 12.0 2.21 0.43 2 17 0.33 2.32 0.51 1.53 OjW 1.46 0.22 4591 121 
25 7.0 16.6 26.5 3.95 1 6 2 : U 4 0.71 3.64 0 4 6 3.20 0.63 2.00 0.27 2.00 0.31 8689 239 

110 11.4 9.2 15.4 2.04 8.5 1.47 0 3 2 1 5 2 0.21 1 4 7 0.33 0.95 0.13 0.98 0.16 4632 128 

171 14.4 15.3 2 6 6 3.55 1 4 ^ 2.70 0.53 2.88 0.38 2.45 0.54 1.57 0.24 1.67 0.24 4860 138 
201 16.0 18.6 33.0 4.34 1 7 ^ 3.56 0 67 3 4 3 0 4 9 3.15 0.67 1.94 OJW 2.01 0.31 5068 154 

231 17.6 18.2 33.2 4.22 1 7 3 3 j « 0.63 3.06 0 4 2 2.93 0.61 1,84 0.24 1 8 2 0.28 5177 154 

MD96-2086 (Location: 25° 49' S, 12° 8' E, depth = 3606m) 

46 0.4 22.9 38.5 4.95 20.6 3.60 1 0 0 3M9 0.51 2U6 0.64 2.05 0.31 1.84 0.32 6476 232 

86 7.5 27J 48.4 5.70 23.1 4M3 1.07 3.65 0.56 3.65 0.80 2U9 0.34 2.25 0.34 5618 194 

121 10.6 2&1 54.6 6.31 26.0 4.81 1.25 4.28 0 6 8 4U4 0 8 7 2 5 8 0 4 1 2 4 8 0 4 0 5531 191 

161 15.2 2&1 4 9 3 5.70 2&5 4.31 1M0 3.88 0 5 7 3.77 0.80 2.38 0.38 2 3 9 0.39 5040 164 

469 4 8 3 17.9 3 1 ^ 4.02 1 5 a 3 4 8 0.63 3.15 0 4 2 2.87 0.64 1 7 3 0.26 1.92 OjW 7315 171 

609 6Z2 21,4 37.9 4.64 17.9 3 6 2 0.66 3 3 1 0.47 3 1 9 0.67 1.95 0.31 2.15 0.33 3332 97 

748 81.7 181 32.8 4.13 16.4 2.73 0.55 2.77 0.41 2.84 0.61 1.88 OjW 2,12 0.32 3391 79 

962 122.0 20.6 34.1 4.57 18.1 3.81 0.73 4.50 0.55 3.69 0 7 3 2.16 0.33 2.31 0.35 8832 220 

1009 126.1 17.6 3 i a 4.11 16.3 3.36 0.68 3 2 8 0 4 8 3.00 0.64 1.92 0 2 8 1.96 0.31 5749 139 

1048 129.0 - - " - - - - - - - - - - - - -

1072 131.0 10.7 20.1 2.59 1&5 1.92 0.51 2.18 0.37 2.31 0.54 1.51 0.25 1.95 0 ^ 7 7001 132 

1421 181.6 2 2 5 41.7 4.88 20.4 3.58 0.87 3jW 0.49 3 ^ 7 0.73 2.07 0.33 2.19 0.36 4162 134 

1441 184.7 21.3 39.5 4.56 19.3 3.61 0.86 3.00 0.46 3.01 0.65 1.90 O j g 1.93 0.32 3987 134 
1481 190.9 2&3 36.3 4.39 IBM 3.20 0.75 2 ^ 7 0.41 2.86 0.61 1.73 0.28 1.66 0.29 2&W 93 

1516 195.5 18.3 3 2 7 4.05 16.4 2 9 2 0.72 2.55 0.41 2 6 9 0.54 1.63 0.25 1.59 0 2 8 3204 101 
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Table 4.1. (Continued) 

•-J 

Depth Age La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ba Sr 

(cm) (kyr) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

IVID96-2085 (Location: 29" 42' S, 12" 56' E, depth = 3001m) 

0 0,5 24.8 4 6 3 5 ^ 3 2 1 6 4.37 0.92 4 0 9 0.60 4 4 8 0 89 2.52 0.41 2 7 0 0.39 3865 118 
20 3.8 30.7 55,4 6.52 26.1 5,31 1.04 5,11 0,74 4,88 1.03 2.92 0.44 3 1 4 0 4 6 7914 235 

50 8.4 29.0 54,4 6,30 25.6 4,76 1,00 4.70 0,71 4,84 1.03 2.81 0.44 3.07 0.49 9811 271 

60 10 0 24.7 43,4 5 2 2 21.5 3,93 0.81 3.70 0,60 3.81 0.77 2 4 2 0.34 2 4 8 0 3 5 7746 224 

80 1:L1 - - - - - - - - - - - - - - - -

90 14.6 31.1 53,9 6 6 8 26.9 4.88 0.99 5.18 0,76 4 7 3 1.02 3.06 0 4 5 3.10 0 4 6 8850 284 

110 18.8 23.8 43,9 5.41 21,5 4.07 0.92 4.35 0.61 4 ^ 9 0.84 2.50 0,36 2 5 9 0.43 6681 204 

A n g o l a B a s i n 
MD96-2091 (Location; 14° 53' S, 10° 23' E, depth = 3569m) 

2 1.6 31,7 54.3 6 9 2 2 8 4 4.88 0.95 3 4 2 0.58 3.52 0.66 1 9 3 0.31 1.93 0 ^ 9 537 114 

21 7.2 29 3 47.2 6.22 25.6 4 4 8 1 0 2 3.44 0.51 3.22 0.65 1.91 OjW 1.85 0 ^ 9 807 146 

41 9.6 27,6 41.3 5.66 2 2 5 3.82 0.91 2.94 0.45 2.70 0.57 1.60 OjG 1.55 0 j « 532 132 

61 12U0 30.1 46.4 6,11 23.6 3.90 0.86 2.87 0.45 2.92 0.59 1.69 O^G 1.63 0.27 755 89 

81 15.5 30.9 49.4 6 2 3 24.6 4.09 0.93 3.11 0.49 2U3 0 6 2 1.83 o j g 1.76 0.27 955 93 
121 24.7 27.9 44.4 5 6 5 21.9 3.78 0.89 2.82 0.46 2.97 0.58 1.79 0 2 9 1.59 0.26 1130 81 

3 ^ 65.0 3 1 ^ 4&9 6.38 2 4 ^ 4.03 0.96 2U3 0,50 3 1 7 0.65 2 0 7 0.31 1.75 O j # 1357 90 

341 68.8 27.7 4 Z 5 5 J 2 21.5 3.50 0 7 9 2,77 0.45 2.80 0.54 1.64 0.26 I^G 0.24 550 81 

361 72.5 2 9 3 4 2 7 5.82 22.4 3.59 0 J 9 2 83 0.45 2.83 0.56 1.62 0.27 1.57 0.24 616 89 

381 7 6 3 31.1 45,5 6.22 2 3 J 3 7 6 OjG 2.85 0 4 8 2.90 0.59 1 7 6 0.27 1.62 o j g 490 90 

511 105.0 2&5 34,0 4.90 19.0 3.04 0.69 2.34 0.35 2 1 3 0 4 1 1 J ^ CU9 1 1 6 CU8 466 136 

611 117.7 3 1 2 51,1 6 6 1 26.5 4.50 0.90 3.44 0.55 3.45 0.66 1.93 0.32 1.78 0 ^ 7 1052 102 

641 122.0 30.2 50,7 6.64 27.0 4.64 0 9 3 3 4 2 0.56 3 4 8 0.72 2.10 0.33 1.99 0.33 625 136 

651 126.8 31.7 54,9 6,80 2 7 ^ 4.67 0.98 3,52 0,55 3.40 0 6 7 1.93 0.31 1.89 0.31 2250 107 

661 131.7 35.6 60,0 7 4 8 2&9 5,24 1.04 3.71 0,59 3.73 0 7 5 2 j n 0 ^ 5 2M2 0.33 2677 123 

681 1 4 1 J 2&5 4 9 7 6 4 9 24.2 4^W 0.92 3.42 0,56 3 3 8 0.68 2.00 0.31 1.89 0.29 2060 95 

, 701 151.0 2 8 2 48.7 6 0 8 24.1 4,36 0.83 3.59 0 ^ 2 3 3 8 0.67 2.01 0.30 1.88 0.31 1570 87 

761 166.0 29.5 4 6 9 5.93 23.2 3,60 0 J 3 3.01 0 4 6 2.91 0.60 1.67 0.26 1.62 0.24 1164 76 

961 219.5 34.0 50.8 6 7 0 26.1 3.93 0.84 3 jG 0 5 2 3.07 0.67 1.88 0.29 1.79 OjW 1145 91 

1042 253.0 31.7 4&7 6.60 25.8 4.13 0.90 3jW 0.51 3.10 0.61 1 7 8 0.29 1.82 0.28 1218 120 

1082 263.0 2&9 4 5 6 5 8 2 22.8 3.56 0.78 2.76 0.46 2.83 0.57 1.68 0.26 1.61 0.24 1487 83 

1141 2 8 5 3 2 9 6 4 2 5 5.63 22.2 3.50 0.74 2.58 0.44 2 5 9 0.53 1.50 o j g 1.50 0.23 567 82 

1181 3W&6 30.7 4 6 2 6,03 24.1 3 9 8 0.74 2.72 0 4 4 2,75 0.56 1.61 0 ^ 4 1,47 0.23 459 72 

1201 320.2 34.7 49.7 6,75 26.7 4 2 7 0,90 3.07 0 4 9 2.96 0.59 1.73 0,26 1.62 0.25 633 112 

g B" 

I 
I 
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Chapter 4. Sr and Nd in detrital fractions 

Corrections of oxide and hydroxide interferences, which affect the REE in the plasma, 

were determined by analyzing solutions of: Ba, Ce, Pr + Nd, and Sm + Eu + Gd + Tb 

at the beginning of the measurement cycles according to the procedure of Barrat et al. 

(1996). Prior to' isotopic analyses, Nd and Sr were separated by standard 

chromatographic methods. ^^Sr/ and "̂̂ ^Nd/ ratios were determined using 

dynamic mode data collection on a VG Sector 54 thermal ionization mass 

spectrometer. Isotope ratios were normalized to ^^Sr/ ^^Sr = 0.1194 and "̂̂ ^Nd/ 

= 0.7219. Analysis of the Sr-standard NBS SRM-987 and Nd-standard JNdi-1 gave 

^̂ Sr/̂ Ŝr of 0.710248 ± 13 (2 s.d., n = 21) and = 0.512108 ± 8 (2 s.d., n = 

14), respectively during the run period (3 months). 

4.4. Results 

4.4.1 Ba and Sr 

Ba and Sr concentrations are listed in Table 4.1 together with the rare earth 

elements (REE). Other trace element data are given in Appendix 5. In deep-ocean 

pelagic sediments, the terrigenous component should, in theory, be characterized by 

shale-like elemental concentrations (i.e. similar to PAAS). In all four Cape Basin 

cores, barium concentrations are much higher (average ~ 5000 ppm) than the expected 

shale value (~ 650 ppm; Taylor and McLennan, 1985), revealing the probable 

presence of barite in our residual fractions (e.g. Gingele and Damhke, 1994). Barite is 

a very insoluble authigenic mineral which precipitates from the water column (e.g. 

Dehairs et al., 1990), and is often found in sediments underlying areas of high 

productivity (e.g. Dymond et al., 1992; Gingele and Dahmke, 1994). Marine barite 

can only be dissolved by a few select chemical procedures (e.g. Church, 1979; Breit et 

al., 1985). Church (1979)'s method consists in dissolving the barite fraction using 

cation exchange resin. Breit et al. (1985) proposed a more barite-selective dissolution 

technique using Na2C03. The high Ba concentrations observed in the detrital 

fractions from the studied South Atlantic sediments indicate that our digestion method 

with HF and perchloric acid (section 3.5) has clearly dissolve barite. Because this 

provenance study aims to determine the Sr and Nd isotopic signature of the 

terrigenous component in our sediments accurately, it is crucial to evaluate whether 
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Fig. 4.1. Relationship between Ba and a) Sr and b) Nd concentrations in the 
detrital fractions. The very good positive correlation between Ba and Sr 
reveals the presence of marine barite in detrital fractions from the Cape Basin. 
Comparatively, Nd concentrations do not appear to be affected by the presence 
of barite. 
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this presence of authigenic barite may have altered the isotopic composition of the 

analysed detrital fractions. Below, therefore, it is investigated whether the presence of 

authigenic barite, assumed to have a seawater-like ^^Sr/ composition (Paytan et 

aL, 1998; Martin et al., 1995) may have significantly affected our measured detrital Sr 

and Nd isotopic compositions for the southeast Atlantic. In Fig. 4.1a, Ba versus Sr 

detrital concentrations are plotted for Cape and Angola Basin sediments. The strong 

positive correlation observed between Ba and Sr indicates that Sr concentrations in 

the detrital fractions of Cape Basin sediments are controlled by the presence of barite. 

The value of Ba/Sr ratios in these sediments (~ 36) implies that Sr concentrations are 

~ 1.6% in barite minerals, in agreement with previous studies (typically > 1%; 

Church, 1979). The contribution of barite in Cape Basin detrital fractions is estimated 

to be up to 2 wt%. By contrast, core MD96-2091 detrital fractions have much lower 

Ba concentrations (~ 1000 ppm) showing that the presence of barite is minor in the 

Angola Basin. In the next section, it will be shown that barite in the Cape Basin 

detrital fractions alters the Sr isotopic signature of the terrigenous fraction towards 

seawater-like values, thereby preventing any accurate estimation of the provenance of 

this detritus using Sr isotopes. 

In Fig. 4.1b, the concentrations of Ba and Nd are plotted. Contrary to what has 

been observed for Sr (Fig. 4.1a), there is no direct correlation between Ba and Nd 

contents in the detrital fractions; all Nd concentrations fall within the range 10-30 

ppm. This is in agreement with Martin et al. (1995)'s assumption that the 

concentration of Nd in pure barite is very low (~ 4 ppm). Although higher Nd 

concentrations (up to several hundred ppm) have been measured in marine barite 

separates previously (Guichard et al., 1979; Martin et al., 1995), Martin et al. (1995) 

have shown that such barites possess a detrital Nd isotopic signature, far from the 

seawater e^d value. This probably reflects the presence of accessory Nd-rich detrital 

minerals (e.g. sphene or zircon) in the barite separates. We are confident, therefore, 

that a) the presence of barite in Cape Basin detrital fractions does not affect the Nd 

isotopic composition of the terrigenous component significantly, and b) that Nd 

isotopes, therefore, can still be used to determine the provenance of the terrigenous 

component accurately. Such is not the case for Sr, however. 
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Fig. 4.2. PAAS-normalized patterns of detrital fractions. Shaded areas represent the range of normalised REE 
concentrations in each studied core. The pattern which is shown for each core is the average REE pattern. 
n represents the number of samples analysed. 
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4.4.2 Rare earth elements 

Average PAAS-normalized REE patterns for each studied core are shown in Fig. 

4.2. Typically, REE distributions for shales show invariant patterns apd can be 

interpreted as an average of the "composition of the Upper Crust (Taylor and 

McLennan, 1985, McLennan, 1989). Our detrital fractions exhibit fairly flat PAAS-

normalized REE patterns. These values are slightly lower than typical shale values, 

suggesting that some biogenic silica (depleted in REE, Grousset et al., 1998) in our 

detrital fractions acts as a diluting phase which lower elemental concentrations. We 

will return to this important consideration toward the end of the chapter. 

A slight Light (L-) REE depletion can be observed in the terrigenous component 

from the northern Cape Basin cores (Fig. 4.2). Previously, abundant barite (up to 2 

wt%) has been identified in the Cape Basin samples. However, the evidence that Ba 

and Nd concentrations are not correlated in these samples clearly shows that barite 

cannot be responsible for the observed patterns. This suggests that the nature of the 

terrigenous component from the Cape Basin differs from that of the Angola Basin. 

4.4.3 Nd and Sr isotopes 

The Sr and Nd isotopic compositions of the detrital fractions are listed in Table 

4.2. For cores MD96-2091 and -2086, ^^Sr/ ®̂Sr and SNd variations with depth are 

shown together with the trends of bulk carbonate (MD96-2091, Fig. 4.3a) and 

benthic foraminifera (MD96-2086, Fig. 4.3b). In these two cores, Nd isotopes of the 

detrital fractions follow the climatic signal (Table 4.2, Fig. 4.3) with clay 

fractions of both cores exhibiting more radiogenic snci values during glacial periods 

than interglacials: (MD96-2091: from ~ -16.5 to ~ -20.5; MD96-2086: from ~ -9.5 to 

~ -12). Together with the high-resolution detrital Sr isotopic study of core RCll-83 

in the southern Cape Basin (Goldstein et al., submitted), this represents further 

evidence that radiogenic isotopes can faithfiilly record changes in detrital 

sedimentation. With the exception of a particularly radiogenic sample from glacial 

stage 6 in core MD96-2086 (sNd = -7.67 at 1072 cm. Table 4.2, Fig. 4.3b), the sxa shift 

between warm interglacials and cold periods is constant for both cores. 
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Table 4.2 Sr and Nd isotope data of detrital fractions 

Depth in core Age isotopic '^'Sr/ ®®Sr 2 s.e. '""Nd/ i«Nd 2 s.e. ^Nd 

(cm) , (kyr) stage 

Angola Basin ' 1 
MD96-2091 (Location: 14' ' 53' S, 10° 23' E, dfepth = 3569m) 

2 1.6 Hoi - - 0.511514 6 -21.89 ± 0.12 

21 7.2 Hoi - - 0.511511 7 -21.95 ± 0.14 

41 9.6 Hoi 0.730875 7 0.511594 4 -20.34 ± 0.08 

63 12.0 Hal / LSM 0.734202 7 4 -18.22 ± 0.08 

81 i & e LOW 0.732436 7 4 -18.08 ± 0.08 

121 24.7 LGIVl/3 0,732212 7 0^11765 4 -16.99 ± 0.08 

321 65:0 4 0.732294 9 4 -16.97 ± 0.08 

341 68.8 4 0.734067 7 0311749 4 -17.30 * 0.08 

361 72.5 4/5 0.734729 9 0.511700 5 -18.26 ± 0.10 

381 76.3 5 0.735832 7 0.511682 4 -18.61 ± 0.08 

511 105.0 5 0.727134 9 0.511691 4 -18.43 ± 0.08 

611 117.7 5 - - 0.511609 7 -20.03 ± 0.14 

641 122.0 5.5 - - 0.511610 6 -20.01 ± 0.12 

651 126.8 5 - - 0.511631 9 -19.60 ± 0.18 

661 131.7 6 - - ' 0.511632 5 -19.59 ± 0.10 

681 141.3 6 - - 0.511677 10 -18.71 t 0.20 

701 1518 6 - - 0.511678 5 -18.69 ± 0.14 

761 168:0 6 Q.734130 9 0J14789 . .5 -16.52 ± 0.10 

961 219.5 7 0.735595 10 0.511696 5 -18.34 ± 0.10 

1041 253.0 8 0.731210 9 0.5116W 4 -19.27 ± 0.08 

1082 263.0 8 0.731546 12 Omi7S3 4 -17.22 ± 0.08 

1141 29S.3 8 0.737018 7 0 511680 5 -18.65 ± 0.10 

1161 303.6 3/9 0.737675 9 0 511712 5 -18.02 i 0.10 

1201 320.2 9 0.733826 7 0.511607 4 -20.07 ± 0.08 

Northern Cape Basin 
MD96-2087 (Location: 25° 36' S, 13° 23' E, depth = 1028m) 

5 6.3 Hol - - 0.512009 10 -12.23 ±0.19 

229 11.5 Hoi / LGM - - 0.512062 5 -11.20 +0.10 

608 23.6 LSM - - 0.512108 5 -10.30 ± 0.10 

890 43.9 3 - - 0.512089 4 -10.67 ±0.08 

999 - - - 0.512135 18 -9.77 ± 0.09 

1201 - - - 0.512087 8 -10.71 ±0.10 

1250 - - - 0.512104 7 -10.38 ±0.11 

MD96-2098 (Location: 25° 36' S. 12° 38' E, depth = 2910m) 

0 6.0 Hoi - - 0.511972 11 -12.95 ±0.21 

25 7.0 Hol - - , 0.511954 8 -13.30 ±0.16 

110 11.4 Hol / LGIVI - 0.512022 10 -11.98 ±0.16 

171 14.4 - - 0.512065 5 -t1.14 ±0,10 
201 16.0 L#M - —- 0.512096 a -10.53 ±0.16 

201 17.6 LGM - 0.512095 s -10.55 ±0 ,16 
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Table 4.2 (continued) 

Depth in core Age Isotopic '^'Sr/ " S r 2 s.e. ^"^Nd/ i ^ ^ d 2 s.e. ^Nd 

(cm) (kyr) stage 

MD96-2086 (Location: 25° 49' S, 12° 8' E, depth = 3606m) 

46 0.4 Hoi 0.715239 7 0.512029 6 -11.84 ± 0.12 

86 7.5 Hoi 0.716906 14 0.512055 6 -11.33 ± 0.12 

121 10.6 Hoi / LGM 0.716338 9 0.512117 21 -10.12 ± 0.41 

161 15.2 LGM 0.716284 11 0.51213 8 -9.87 ± 0.16 

469 48.3 3 - - 0.512081 5 -10.83 + 0.10 

609 4 - - 0.512146 4 -8.56 ± 0.08 

748 81.7 5 - - 0.512080 4 -10.85 ± 0.08 

962 122.0 5.5 - - 0.512028 5 -11.86 ± 0.10 

1009 126.1 5/6 - - 0.512059 5 -11.26 ± 0.10 

1072 131.0 6 - - 0.512243 8 -7.67 * o . m 

1421 181.6 6 0.7W366 13 0.512124 5 -8.88 ± 0.10 

1441 184.7 6/7 0.716612 9 0.512121 9 -10.03 i 0,18 

1481 190.9 7 - - 0.512079 7 -10.87 ± 0.14 

1501 193.1 7 - - 0.512087 5 -10.71 ± 0.10 

1516 195.5 7 0.718701 14 0.512089 10 -10.67 ± 0.20 

Central Cape Basin 
MD96-2085 (Location; 29° 42' S, 12° 56' E, depth = 3001 m) 

0 0.5 Hoi - - 0.512052 14 -11.39 ± 0.27 

20 3.8 Hoi - - 0.512077 6 -10.90 ± 0.12 

50 8.4 Hoi - - 0.512042 7 -11.59 ± 0.14 

60 10.0 Hoi - - 0.512076 7 -10.92 ± 0.14 

90 14.6 LGM - - 0.512080 8 -10.85 ±. 0.18 

110 1 8 J LGM . - - 0.512134 6 -3.79 ± 0.12 

Namibian dusts 

WB-1 Hoi 0.733828 6 0.511957 4 -13.25 + 0.08 

NC96/1/2 Hoi 0.736236 6 0.512181 14 -8.88 + 0.27 

NC96/7/1 LGM 0.735701 6 0.512133 5 -9.81 + 0.10 
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Fig. 4.3. Nd isotopic composition (8^̂ ) of detrital fractions and record versus both 
age (left side) and marine isotopic stage (right side). Grey shades are for glacial periods. 
Nd isotope data follow the climatic signal, with clay-rich fractions from both MD96-2091 
and -2086 cores showing a trend toward more radiogenic Enj values in glacial versus interglacial 
periods. Some Sr isotopic values fall away from the climatic curve, probably as a result of 
the 'grain-size effect' (see text for discussion). 
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The three other cores from the northern (MD96-2087 and -2098) and central (MD96-

2085) Cape Basin also exhibit a trend toward more radiogenic SNd values from the 

Holocene to the LGM (Table 4.2). 

The Sr isotopes in the clay-rich fractions behave differently in the studied sections 

of cores MD96-2091 and -2086. Although ^^Sr/ ^®Sr ratios in most of the detrital 

fractions in core MD96-2091 follow the signal, two (at 9.6 and 105.0 kyr) fall 

completely off the climatic trend (Fig. 4.3a). Only a few ^^Sr/ ^^Sr measurements 

have been measured in core MD96-2086. However, even these few data (Fig. 4.3b) 

are sufficient to demonstrate that the Sr isotopic record of the clay-rich fractions does 

not vary with the general course of ice age cycles in this core. Two possibilities could 

account for this apparent decoupling between Nd and Sr isotopes in the detrital 

sedimentary record of the southeast Atlantic : 1) the presence of barite in the detrital 

fractions; 2) the 'grain-size' effect in which the Sr isotopic composition in any marine 

sediment is dependent upon the grain-size fractions (Dasch, 1969). Both possibilities 

are investigated, in turn, below. 

1) The presence of Sr-rich barite in our clay-rich fractions assuming a seawater-like 

Sr isotopic signature (~ 0.7092) lower than the 'true' detrital phase. 

In Fig. 4.4, the relationship between ^^Sr/ ^^Sr ratios and Ba/Th ratios is shown. In 

this figure, the presence of barite in the detrital fractions should be reflected by Ba/Th 

ratios that are higher than the average shale ratio (~ 44.5 ; PAAS - Taylor and 

McLennan, 1985). For core MD96-2091 (Fig. 4.4a), the ^^Sr/ ®̂Sr ratios of samples 

with Ba/Th values higher than that of PAAS plot towards less radiogenic values. A 

similar correlation is observed for core MD96-2086 (Fig. 4.4b). This suggests that the 

presence of barite in these samples lowers the Sr isotopic composition of the 

terrigenous component toward seawater values (^'Sr/ ^®Sr = 0.7092). As a 

consequence, the ^^Sr/ ^^Sr ratios in these detrital fractions probably do not reflect 

accurately the terrigenous source. Clearly, therefore, it is necessary to quantify the 

presence of barite in any marine sediment before analyzing the Sr isotopic 

composition of its detrital fraction for provenance studies. 
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Fig. 4.4. Relationship between "Sr/ "Sr and Ba/Th ratios in the detrital 
fractions of a) core MD96-2091 and b) core MD96-2086. The trend towards 
unradiogenic "Sr/ ^Sr values, associated with high Ba/Th values reflects the 
influence of barite, with a seawater-like isotopic signature upon the Sr isotopic 
composition of the detrital fractions. 
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2) The 'grain-size effect', which affects the Sr isotopic composition in terrigenous 

sediments (e.g. Dasch, 1969; Asahara et al., 1999; Eisenhauer et al., 1999). 

hi Fig. 4.3a, the detrital ® Ŝr/ ^^Sr curve of core MD96-2091 exhibits two 

'anomalously' unradiogenic samples (at 9.6 and 105.0 kyr), which are not 

characterized by high Ba concentrations (see Table 4.1). This suggests that the 

presence of barite in the detrital fractions cannot be responsible for the observed ^^Sr/ 

^^Sr values. Instead, we propose that another process; the 'grain-size effect', accounts 

for these low ^^Sr/ ®̂Sr values. This 'grain-size effect' refers to the evidence that in 

any terrigenous sediment, different size fractions exhibit higher ^^Rb/ ®̂ Sr and ^^Sr/ 

®̂Sr ratios, typically, with decreasing particle size (Dasch, 1969, Asahara et al., 1999, 

Eisenhauer et al., 1999, Walter et al., 2000a). Although it has not been referred to, 

previously, this process is likely to be induced by the fractionation between Rb and Sr 

during sedimentary processes, with Rb being enriched in the finest fractions. With 

time and the radioactive decay of ^^Rb to ^^Sr, those fine fractions are likely to acquire 

a progressively more radiogenic Sr isotopic signature than the coarser fractions. The 

low radiogenic values measured in the two 'anomalous' samples (at 9.6 and 105.0 

kyr) would imply that grain-size are coarser at 41 and 511 cm. In this study, we have 

not performed any grain-size measurements on these samples so this hypothesis 

cannot be confirmed. However, because during sediment transport, changes of 

velocity induce changes of grain-size, the Sr isotopic compositions of our detrital 

fractions should be dependent upon both sediment provenance and the strength of 

transport processes prior to deposition. 

By contrast, Sm and Nd are not significantly fractionated during sedimentary 

processes (McCulloch and Wasserburg, 1978) and different mineralogical size 

fractions generally possess a similar Nd isotopic composition (e.g. Walter et al., 

2000a), although some studies have reported cases where different grain-size fractions 

exhibit distinct '"̂ ^Nd/ '̂̂ '̂ Nd values (e.g. Grousset, 2001). As a consequence, the Nd 

isotopic composition of the terrigenous fraction of any marine sediment only reflects 

the provenance of the sediment under investigation. 

Both the presence of marine barite in our detrital fractions and the 'grain-size 

effect' are likely to explain why Nd and Sr isotopes are decoupled in sedimentary 

records studied from the southeast Atlantic. This work has indicated that the use of 

^'Sr/ ratios in detrital fractions should only be used with caution as a tracer of 

85 



Chapter 4. Sr and Nd in detrital fractions 

provenance in any marine sediment. Therefore, here, to investigate whether the 

sources of detritus to our cores have changed throughout the Late Quaternary, we will 

focus primarily on Nd isotopes. 

4.5. Discussion 

4.5.1. Sources of sediment to the southeast Atlantic 

The transport of terrigenous particles to the deep-sea is controlled by a complex 

system of atmospheric, hydrographic, glacial and topographic conditions (e.g. 

Petschick et al., 1996). Near the continental slope, much clay material can be derived 

from turbidity currents and other 'local' sources. For example, along the southwest 

African coast, wind-blown particles from the Namib Desert and local riverine inputs 

(Orange and Kunene rivers) contribute to the terrigenous sedimentation (e.g. Chester 

et al., 1972; Bremner and Willis, 1993). With increasing distance from source areas, 

advection of clay minerals by deep-water currents becomes the most important mode 

of detrital transport to deep-sea sediments (e.g. Biscaye, 1965; Petschick et al., 1996). 

Bottom current activity causes resuspension of these minerals to form nepheloid 

layers on the scale of several thousand kilometers (e.g. Petschick et al., 1996). For 

example, in the deep South Atlantic, clay mineral transport and distribution is 

primarily controlled by deep-water advection of Circumpolar Deep Water and North 

Atlantic Deep Water (Biscaye, 1965; Dieckmann et al., 1996; Gingele, 1996; 

Petschick et al., 1996; Gingele and Schmield, 1999). Therefore, although a recent 

study has suggested that the Sr isotopic composition of detrital sediments from the 

southern Cape Basin could be controlled by surface water currents (Goldstein et al., 

submitted), we are confident that, in our detrital fractions, both CDW and NADW 

should play a significant role in controlling the Nd isotopic composition of the 

detritus. In Fig. 4.5, ^'Sr/ ^^Sr and "̂̂ N̂d/ ratios are plotted together to 

investigate the provenance of the terrigenous component in the studied cores. Below, 

the main sources of terrigenous material to the deep southeast Atlantic Ocean are 

reviewed. 
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4.5.1.1 Clay advection by deep-water masses 

North Atlantic Deep Water (NADW). The influence of NADW on the clay mineral 

distribution of surface sediments can be evidenced by high percentages of kaoUnite in 

the clay fractions (e.g Biscaye, 1965^. Indeed, huge amounts of kaolinite and poorly-

crystallized smectite are injected into the Atlantic via the Cenfral African tropical 

rivers (mainly by the Congo River) and are subsequently carried poleward by NADW 

(e.g. Pastouret et al., 1978; Gingele et al., 1998). In the southeast Atlantic, although 

the Walvis Ridge acts as an important barrier to the southward propagation of 

NADW, the influence of deep Atlantic flow on sedimentation can still be seen clearly 

in the present-day Cape Basin (e.g. Petschick et al., 1996). The Sr and Nd isotopic 

composition of southeast Atlantic detrital fractions (Fig. 4.5) is typically within the 

range of upper continental crust estimates (sNd — 4 5 to +10; ^^Sr/ ^^Sr ~ 0.700 to 

0.800 - Goldstein and Jacobsen, 1988; Allegre et al., 1996). As expected, the detrital 

fractions from the Angola Basin (core MD96-2091) plot in the field defined by the 

Congo River and its tributaries (Allegre et al., 1996) (Fig. 4.5). 

Circumpolar Deep Water (CDW). In the present-day, the inflow of Lower CDW into 

the Angola Basin is restricted by the Mid-Atlantic Ridge to the west and by the 

Walvis Ridge to the south; only small quantities enter through the Romanche Fracture 

Zone and a few passages along the Walvis Ridge (Shannon and Chapman, 1991 - Fig. 

2.1). In the Cape Basin, Lower Circumpolar Deep Water (LCDW) is encountered 

below 3800m and may act as a source of clays in core MD96-2086 (Fig. 2.1). 

Southern Component waters primarily carry chlorite- and well-crystallized smectite-

rich clays in suspension (Petschick et al., 1996). Nowadays, low current velocities 

(<10cm/s) limit deposition and erosion processes so that LCDW may convey its clay 

assemblage throughout the South Atlantic, from the adjoining Southern Ocean and as 

far away as the southeast Pacific. Because southern water masses and North Atlantic 

Deep Water transport distinct clay mineral assemblages, their relative influences on 

present-day sedimentation in the South Atlantic can be determined clearly evidenced 

from (e.g.) the distribution of kaolinite/chlorite ratios (Petschick et al., 1996). The 

material transported by CDW originates primarily from the southern South American 

shelf (Falkland Plateau, Argentinean shelf, Patagonia) and the Antarctic peninsula 

(Dieckmann et al., 1996; Petschick et al., 1996, Walter et al., 2000). As a 
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Fig. 4.5. ^^Nd/ '"Nd versus "Sr/ ®°Sr plot. Terrigenous sources of cores MD96-2091 
(Angola Basin) and -2086 (northern Cape Basin). Data are from Table 4.1. Isotopic references 
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consequence, the sediments recovered from the southwest Atlantic typically exhibit 

low Sr isotopic signatures (^^Sr/ ^®Sr ~ 0.706 to 0.712) and quite radiogenic Nd (sNd ~ 

-4.5 to -7.5) (Walter et al., 2000a). Because of the water-depths of cores MD96-2086 

(3606m), -2098 (2910m) and -2085 (300Im), any shallowing;of CDW during glacial 

times would be expected to bring a significant detrital input from the southwestern 

Atlantic province to these sites. 

Another potential source of detritus to the southeast Atlantic would be material 

from Antarctica (e.g. ice-rafted debris - IRD) supplied to the South Atlantic by 

glaciomarine processes at the Antarctic continental margin. Such material could have 

been either brought directly to the southeast Atlantic or, alternatively, first deposited 

on top of southwestern Atlantic sediments and then be re-transported via CDW to the 

Cape Basin. However, although several episodes of IRD delivery have been 

evidenced in South Atlantic sediments throughout the Late Quaternary (e.g. Kanfoush 

et al., 2000; Hodell et al., 2001), none of them has ever been reported north of ~ 40°S 

latitude. In addition, it is likely that most of this IRD material would be characterized 

by low radiogenic SNd values (up to -46), reflecting the erosion of the old Archean 

basement in East Antarctica (e.g. Wareham et al., 1998). Such low radiogenic E d̂ 

signatures are never encountered in our studied Cape Basin detrital fractionst. 

Therefore, in this study, we consider that the impact of ice-rafting upon the 

sedimentation in southeast Atlantic sediments is relatively minor north of 40°S. 

4.5.1.2 Aeolian transport by the Namib Desert winds 

In Fig. 4.5, detrital fractions from the northern Cape Basin core MD96-2086 plot 

close to the Namib Desert isotopic field. Because of the proximity of our cores to the 

Namibian coastline, Southern African deserts and soils (Namib and, to a lesser 

degree, Kalahari) represent a major potential source of detrital material to the Angola 

and northern Cape Basins (Petschick et al., 1996). Southerly winds blow along the 

Namib Desert shore and occasionally alternate with easterly winds known as 'berg' 

winds (Bremner, 1978). Dust loads of both wind systems consist mainly of physically 

eroded desert sediment with illite as the dominant clay mineral (Chester et al., 1972; 

Aston et al., 1973). Maximum concentrations of atmospheric dust have been recorded 

near the Kunene mouth (Prospero, 1981). The contribution of wind-blown dusts to 

core MD96-2085 (central Cape Basin), which is located south of the Namib Desert, is 
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probably much lower than in the northern cores. The Namib Desert was progressively 

formed by the northward transport of sediment delivered by the Orange River 

(Rogers, 1977). Nd isotopic measurements of Namib Desert sands (Grousset et al., 

1992) and soils from southern African soils (Table 4.2) yield snci values between - 5 to 

-10, with an average value of -8. 

Wind-blown material from southern America could possibly represent another 

potential source of dust to southeast Atlantic sediments (Grousset et al., 1992; Kumar 

et al., 1995; Basile et al., 1997). Studies on ice cores from East Antarctica have 

revealed that the dust, flux during glacial periods has been up to 15 times higher than 

during interglacials (Petit et al., 1990). However, Walter et al. (2000) have suggested 

that the contribution of southern American aeolian dust to South Atlantic deep-sea 

sediments was only minor during glacial times. Therefore, we are confident that 

wind-blown material from southern America have not contributed to the southeast 

Atlantic sedimentation throughout the Late Quaternary. 

4.5.1.3 Shelf sedimentation: contribution of local river inputs 

The detrital sedimentation in core MD96-2087, which was raised on the Namibian 

Upper continental slope (1028m), is likely to be influenced by regional rivers, in 

addition to the other previously described terrigenous sources. The core site is located 

between the mouths of the Kunene and the Orange: the only two permanent rivers 

along the southwestern African coast (Fig. 2.2). Because intermediate water masses 

in the southeast Atlantic area (South Atlantic Cenfral Water - SACW- and Antarctic 

Intermediate Water -AAIW) flow poleward (Nelson, 1989, 1990), the smectite-rich 

material that is delivered to the ocean by the Kunene River is transported south when 

settling through the water column. This leads to the deposition of Kunene material 

upon the Namibian upper continental shelf (Bremner and Willis, 1993). The detrital 

contribution of the Orange River is supposed to be insignificant at the water-depth of 

site MD96-2087 (Rogers, 1977). We are aware, however, that erosion of the shelf -

particularly during periods of low sea level stand - could provide an additional source 

of terrigenous material to the other studied cores, which are located at the bottom of 

the slope. In the light of this argument, isotopic data of core MD96-2087 are not 

considered in the discussion that follows (section 4.5.2 and Fig. 4.6), which focuses 
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on the use of Nd isotopes as tracers of deep-water masses. We will refer to this 

potential contamination later on when interpreting our Nd isotopic records. 

/ 

4.5.2 8Nd values of recent Hetrital fractions: a record of present-
day hydrography 

At present, the three main sources of detritus to the deep southeast Atlantic ocean 

are: 1) clays delivered to the equatorial Atlantic by the Congo River and transported 

south by NADW, 2) material from the southwestern Atlantic province advected north 

by CDW, and 3) aeolian dust blown from the Namib Desert. In Fig. 4.6a, e^d data are 

plotted against 1/Nd concentration to investigate whether the Nd isotopic composition 

of recent (or interglacial) detrital fractions accurately record the present-day 

hydrography of the deep southeast Atlantic. On such a plot, any straight line indicates 

simple mixing between two end-members with different isotopic compositions. The 

source of sediment in the Angola Basin (core MD96-2091) is clearly dominated 

(>50%) by highly unradiogenic Congo River material, whereas Namibian dust and 

southwestern Atlantic clays more strongly influence the Cape Basin sedimentation 

(<20% Congo River clay input). Clearly, it can be observed that the influence of 

Namibian dusts on the detrital sedimentation decreases from near the coast (MD96-

2098) to the deep basin (MD96-2086). Also, as expected, the contribution of wind-

blown Namibian particles to the central Cape Basin (core MD96-2085) is less 

important than in the northern cores (cores MD96-2087, -2098 and -2086). 

Holocene clay fractions from MD96-2098, situated near the centre of present-day 

NADW, consist of a mixture of Congo River and Namib Desert material alone. By 

contrast, core MD96-2086, which samples the boundary between present-day NADW 

and lower CDW, and core MD96-2085, located further south, are also enriched in 

material transported from the southwestern Atlantic province. This strongly suggests 

that the Nd isotopic compositions of clay fractions in these recent (± interglacial) 

marine sediments accurately record the present-day hydrography of the deep southeast 

Atlantic. 
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Fig. 4.6. a, Plot of 6^̂  vs 1/Nd for detrital fractions from recent (and interglacial) periods. 
The three potential sources of terrigenous material to the South Atlantic are plotted for 
comparison, and their mode of transport are indicated in parentheses. Mixing lines 
between the three end-members are shown, together with mixing lines corresponding to 
sediments which contain 10%, 20% and 50% Congo River clays. Nd concentrations and 
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diagram showing the relative percentage of detritus from the southwestern Atlantic 
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percentages of each detrital source have been calculated using a simple three-component 
mixing model. 
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Interestingly, it can be also observed from Fig 4.6a that the contribution of Namibian 

dust to detrital fractions in core MD96-2085 is minor (< 20%). Core MD96-2085 is 

from the central Cape Basin, south of the Namib Desert, and northward blowing trade 

winds are not expected to deliver any Namibian dust to this location. The presence of 

wind-blown particles in core MD96-2085 sediments must derive from easterly winds, 

therefore, which only deliver dust to the southeast Atlantic area episodically (e.g. Shi 

et al., 2001). 

4.5.3 The detrital sedimentation in the glacial southeast Atlantic 

Before interpreting down-core detrital Nd isotopic variations in terms of sediment 

transport changes, it is first important to consider whether the Nd isotopic 

composition of our potential sources may have fluctuated with time. For Nd isotopes, 

weathering products from various types of rock tend to be homogenized thoroughly 

both during transport by wind or river, and during deposition as desert sand or loess 

(Asahara et al., 1999). Therefore, major changes in the Nd isotopic composition of 

dust loads from the Namib Desert are not likely to have occurred between cold and 

warm stages. For the Congo River, there is evidence that discharge increased during 

past interstadials and periods of enhanced monsoon activity (Schneider et al., 1997, 

Gingele et al., 1998). Although changes in weathering regime in the Congo River 

catchment basin may have affected the clay mineralogy of the river's suspended load 

(Gingele et al., 1998), however, the Sm-Nd isotope systematic of this clay fraction 

should not be altered significantly. Rather, the Nd isotopic composition of clays 

delivered by the Congo River has probably remained quite constant over the Late 

Quaternary. In agreement with this argument, independent work has revealed that 

Congo Fan sediments show no major differences in Pb isotopic composition between 

warm and cold stages (M. Frank, pers. comm.). Finally, Nd isotope ratios of 

interglacial-glacial sediments from the Scotia Sea all fall within a limited range (sNd ~ 

-3.5 to -5.5, Walter et al., 2000a), suggesting that the isotopic signature of clays 

transported by CDW has not varied significantly between cold and warm climatic 

stages, either. In this work, therefore, it is assumed that all three 'end-member' 

sources have remained isotopically invariant throughout the glacial and interglacial 
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stages investigated. We are now ready to investigate past detrital SNd variations, 

down-core. 

We have calculated percentage contributions of our three 'end-member' 

components (Congo River, SW Atlantic province and Namib Desert) to the detrital 

phase of all five studied cores (Fig. 4.6b). The percentage contributions are given 

from the closure equation 

fcK + fsw + fisD = 1 (4.1) 

where CR, SW and ND refer to Congo River, Southwestern Atlantic province and 

Namib Desert, respectively. The Nd isotope composition and concentration of the 

end-members were based on data from the literature (Table 4.3). 

The mass balance for Nd is given as: 

Ndmess = fcR.NdcR + fswNdsw + fkoNdm (4.2) 

i?meas.iViimeas = fcRNdcK.Rcv. + Ndsv/.Rsw + JkoNdmi.Rm} (4.3) 

where R is the isotopic ratio (sNd value) 

Equations 4.1-4.3 can be rearranged as: 

^meas .AWmeas . (AWcR - Ndsw) — ^CR. .AWcR. (AWmeas — Nds^w) — RsW.NdsW.(NdcR — Ndmeas) 
= -

Rc^.NdcK.(Ndsv — MAm) - R5w.Ndsw.{NdcR — Ndno) + Rm.Ndnv>.(NdcR — Ndsw) 

(4.4) 

and 

. Ndmeas - Ndsw + JkD.(Ndsw — Ndnn) ,. 
/cR = ' (4.5) 

NdcR — Ndsw 

Percentage contributions and mass accumulation rates for each of these detrital 

components in each sample are listed in Table 4.4. In Fig. 4.7 and 4.8, mass 

accumulation rates for each of the terrigenous end-members are plotted versus age for 

cores MD96-2091 and -2086, respectively. 
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Table 4.3. 3-component mixing model: SNd and [Nd] values of end-members 

SNd [Nd] ppm 

Congo River material 40°-: 

SW Atlantic clay -5" 25* 

Namibian dust -8'-= 10 ' ' 

References 
a- This work 
b- Dupre et al. (1996) - suspended river loads 
c- Allegre et al. (1996) - suspended river loads 
d- Walter et al. (2000a) - SW Atlantic marine sediments 
e- Grousset et al. (1992) - Aeolian and sand samples 

During glacial periods, atmospheric circulation systems were strengthened as a 

consequence of the steepening of temperature gradients between high and low 

latitudes, resulting in a glacial aridification of the whole Namib area (Samthein et al., 

1982). Southeast trade winds were significantly intensified and the contribution of 

wind-blown material to the southeastern Atlantic margin was higher than during 

interglacials (e.g. Shi et al., 2001 - based on pollen analysis). This is also suggested 

by the mass accumulation rates of Namibian detritus. Values for the Angola Basin 

(MD96-2091 - Fig. 4.7) and northern Cape Basin cores (MD96-2086 - Fig. 4.8, -

2098 - Table 4.4) are typically 2 to 4 times higher during glacials than in warm 

periods. By contrast, aeolian sedimentation in the central Cape Basin (core MD96-

2085), south of the Namib Desert, did not increase during the last glacial maximum 

(Fig. 4.6b, Table 4.4). 

During glacial times, the contribution of Congo River material was reduced in 

both the Angola Basin (from -60% to -40%) and the Cape Basin (from -20% to 

-10%), whilst the percentage of clays from- the southwestern Atlantic increased 

(Table 4.4 and Fig 4.6b). Interestingly, it can be inferred from Fig. 4.6b that material 

from the southwestern Atlantic is present in the terrigenous fraction of glacial 

sediments from the Angola Basin (MD96-2091). Our results, therefore, would 

suggest that the glacial flow of CDW was shallow enough to spill over the Walvis 

Ridge and enter the deep Angola Basin. But before interpreting variations in the 

contribution of each detrital source in terms of changes of deep-water masses, two 

important issues still need to be considered. 
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Table 4.4 Terrigenous mass accumulation rates 

Ch 

Depth in core Age Isotopic GNd [Nd] Detrital sources (%) Terrigenous mass accumulation rates (g/cm^/kyr) 
(cm) (kyr) stage (ppm) Namib Congo SW Total Namlb desert Congo River SW Atlantic Ratio 

winds River Atlantic source source (1) source (2) (2)/(1) 
MD96-2091 (Location: 14° 53' S, 10° 23'E, depth = 3569m) 

2 1.6 Hoi -21.89 28.4 32 68 0 - - - - _ 

21 7.2 Hoi -21.95 25.6 40 60 0 1.5 0.6 0.9 0 0 
41 9.6 Hoi -20.34 22.5 53 47 0 3.8 2.0 1.8 0 0 
61 12,0 Ho l /LGM -18.22 23,6 53 44 4 3.6 1.9 1.6 0.1 0.08 
81 1S.5 liGM -18.08 24.6 48 45 7 2.$ 1.4 1.3 0.2 0.15 
121 24.7 L G M / 3 -16.99 21.9 57 36 7 2.3 1.3 0.8 0.2 0.19 
321 65.0 4 -16.97 24.3 46 41 13 2.4 1.1 1.0 0.3 0.31 
341 68.8 4 -17.30 21.5 69 36 4 2.8 1.7 1.0 0.1 0.12 
361 72.5 4/5 -18.26 22.4 58 41 0 2.7 1.6 1.1 0 0.01 
381 76.3 5 -18.61 23.7 54 45 1 2.3 1.2 1.0 0 0.03 
511 105.0 5 -18.43 19.0 66 34 0 2.4 1.6 0.8 0 0 
611 117.7 5 -20.03 26.5 44 56 0 4.0 1.7 2.2 0 0 
641 122.0 5.5 -20.01 27.0 42 58 0 3.8 1.6 2.2 0 0 
651 126.8 5 -19.60 27.2 42 57 2 1.1 0.4 0.6 0 0.03 
661 mi 6 -19.69 29.9 30 63 7 1,1 0.3 0.7 0.1 0,11 
681 141.3 6 -18.71 24.2 52 47 2 1.1 0,6 0,S 0 0.04 
701 1S1.0 6 -f8.69 24.1 52 46 1 1,3 0.7 0,6 0 0.O& 
761 166.0 6 -16.62 2&2 49 37 14 1,9 0.9 0.7 0.3 0.37 
961 219.5 7 -18.34 26.1 42 49 9 1,8 0.8 0.9 0.2 0.18 
1041 253.Q 8 -19.27 2S,8 47 52 1 1.3 Q,6 0.7 0.0 0.02 
1082 263.0 8 -17.22 22.8 53 39 8 2.1 1.1 0.8 0.2 0.21 
1141 295.3 8 -18.65 22.2 58 42 0 Q.8 0.5 0.3 0 0 
1161 303.6 8/9 -18.02 24.1 50 44 6 0.8 0.4 0.3 0.0 0.14 
1201 320.2 9 -20.07 26.7 43 57 0 1.1 0.5 0.6 0 0 

MD96-2087 (Location: 25° 36' S. 13° 23' E. depth = 1028m) 

5 6.3 Hoi -12.23 15.6 76 13 11 - - - -

229 ns H o l / t S M -11.20 26.5 13 24 63 11.3 1.S 2.7 7.1 2.67 
6Q3 23.6 LGM -10.30 20.7 43 14 43 124 5.3 1 8 5.3 3.00 
890 43.9 3 -10.67 18.2 58 13 29 5.6 3.3 0.7 1.7 2.33 
999 - ? -9.77 14.2 79 7 15 - - - -

1201 - ? -10.71 10.2 96 4 0 - - -

1250 - ? -10.38 19.2 52 13 35 - - - -

I 
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Table 4.4 (continued) 
Depth in core Age Isotopic ^Nd tNdj Detrital sources (%) Terrigenous mass accumulation rates (g/cm^/kyr) 

(cm) (kyr) stage (ppm) Namib Congo SW Total Namib desert Congo River SW Atlantic Ratio 
winds River Atlantic source source (1) source (2) (2)/(1) 

MD96-2098 (Location; 25° 36' S, 12° 38' E, depth = 2910m) 

0 6.0 Hoi -12.95 12.0 91 9 0 - - -

25 7.0 Hoi -13.30 16.2 75 17 9 3.4 2.6 0.6 0.3 0.52 
110 11.4 Hoi / LGM -11.98 - - - - - - - -

171 14.4 U3M -11.14 14.5 80 10 11 5.3 4.2 0.5 0.6 1.12 
201 1 M LSM -10.53 17.5 62 12 27 5.1 3.2 O.i 1.4 2,34 
231 17.6 LGM -10.55 17.3 % 11 5.3 3,3 0.6 1.4 2.29 

MD96-2086 (Location: 25° 49' S, 12° 8' E, depth = 3606m) 

46 0.4 Hoi -11.84 20.6 48 19 33 1.0 0.5 0.2 0.3 1.79 
86 7.5 Hoi -11.33 23.1 32 20 47 1.3 0.4 0.3 0.6 2.35 
121 10.6 Hoi / LGM -10.12 26.0 12 19 69 2.4 0.3 0.5 1.6 3.60 
161 1&2 LGM 29:5 & 16 58 2.7 0.7 0.4 1.6 3.73 
469 48.3 3 -10.83 15.8 72 10 18 1.8 1.3 0.2 0.3 1.73 
609 62.2 4 -9J6 17.9 57 9 34 3.8 2.1 0.4 1.3 3,54 
748 81.7 5 r.10.85 16.4 68 11 21 1.7 1.2 0.2 0.4 185 
962 122.0 5.5 -11.86 18.1 62 16 23 0.5 0.3 0.1 0.1 1.47 
1009 126.1 5/6 -11.26 16.3 70 12 18 2.9 2.1 0.3 0.5 1.51 
1072 6 -7.67 10.5 97 0 4 2.1 2.1 0 0 0 
1421 181.6 a -9.99 20.4 44 13 43 3.7 1.8 0,5 1.4 3.08 
1441 184.7 -10.05 19.3 SO 12 38 4.1 2.3 0 5 1.3 2.B0 
1481 190.9 7 -10.87 18.1 59 13 28 3.7 2.5 0.5 0.8 1.74 
1501 193.1 7 -10.71 - - - - - - - - -

1516 195.5 7 -10.67 16.4 68 11 21 0.4 0.3 0.0 0.1 1.37 

Central Cape Basin 
MD96-2085 (Location: 29° 42' S, 12° 56' E, depth = 3001m) 

0 0.5 Hoi -11.39 21.6 41 19 41 - - - - -

20 3.8 Hoi -10.90 26.1 15 22 63 0.4 0.1 0.1 0.2 2.88 
50 8.4 Hoi -11.59 25.6 20 24 56 0.4 0.1 0.1 0.2 2.34 
60 10.0 Hoi -10.92 21.5 40 17 43 0.4 0.2 0.1 0.2 2.52 
90 14.6 LGM -10.85 26.9 10 23 67 0:5 0.0 0.1 0.3 2.96 
110 18.8 LGM -9,79 21.5 37 14 50 0.5 0.2 0.1 0.3 3.67 
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Fig. 4.7. a,b,c, Accumulation rates of: Namib Desert, Congo River and southwestern 
Atlantic material, respectively, versus age in core MD96-2091 (Angola Basin). The 
6 "0 climatic signal is shown for comparison. Glacial periods are represented by shaded 
areas. Accumulation of Congo River clays was higher during periods of enhanced 
monsoon activity (10 and 120 kyr; Schneider et al., 1998) but remained relatively constant 
throughout the Late Quaternary. Accumulation of southwestern Atlantic material increased 
greatly during glacial periods indicating the presence of Circumpolar Deep Water in the 
Angola Basin at such times, d, The ratio southwestern Atlantic / Congo River clays is high 
during all glacial periods and can be interpreted as a decrease in the relative influence of 
NADW (see text for discussion). gg 
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Fig. 4.8. a,b, Accumulation rates of: Namib Desert, Congo River and southwestern 
Atlantic material, respectively, versus age in core MD96-2086 (Cape Basin). The 

climatic signal is shown for comparison. Glacial periods are represented by shaded 
areas. The contribution of Namibian dust to core MD96-2086 increased during glacial 
periods. Accumulation of Congo River clays remained relatively constant throughout 
the Late Quaternary. Accumulation of southwestern Atlantic material increased greatly 
during glacial periods suggesting that the flow of Circumpolar Deep Water was strengthened 
in the southeast Atlantic ocean, c, As in core MD96-2091, the ratio southwestern Atlantic / 
Congo River clays is much during glacial periods and can be interpreted as a decrease 
of the relative influence of NADW (see text for discussion). 
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First, to what extent is the contribution of Congo River clays to our sediments 

controlled by the strength of NADW or Congo River discharge ? Second, whether 

local sedimentary processes during glacial periods (e.g. erosion, re-distribution of old 

sediments) have influenced the terrigenous composition and are responsible for the 

observed trends. 

In the Angola Basin, core MD96-2091 was raised from close to the mouth of the 

Congo River and, therefore, is probably more sensitive to direct changes in Congo 

River discharge rather than it is to variations in NADW flow. This is suggested by 

the strong increase in the mass accumulation rate of Congo River material 10 kyr and 

120 kyr ago (Fig. 4.7), coincident with periods of enhanced monsoon activity {i.e. 

enhanced chemical weathering) within the Holocene and during MIS 5 (Schneider et 

al., 1997). No such marked increased accumulation rates are observed for Congo 

River clays in our Cape Basin cores (Table 4.4), indicating that variations in Congo 

River input must have been attenuated strongly, further south, away from the mouth 

of the river. 

Furthermore, we are aware that local sedimentary processes might have occurred 

in addition to simple advection and deposition of detritus by both NADW and CDW. 

In particular, lowering of sea level during glacial times might be expected to have 

exposed the Namibian continental shelf to erosion, and potentially enhanced transport 

of detrital particles to the deep-sea, independent of bottom-water circulation. 

However, no evidence for turbidite or slump deposition is observed in any of the 

cores studied (Bertrand et al., in press). Similarly, clay mineral studies in sediment 

cores from the southeast Atlantic give us reasonable assumptions that erosion of the 

shelf does not contribute significantly to the bottom-slope sedimentation, even during 

periods of low sea level (Dieckmann et al., 1996, Gingele and Schmield, 1999). In 

the clay mineral fraction of any marine sediment, the smectite 'crystallinity' reflects 

the degree of chemical weathering from where the clay fraction originates (e.g. 

Petschick et al., 1996). On the upper Namibian continental shelf, smectites are not 

well crystallized because they mainly originate from the semi-humid areas of the 

Kunene River catchment basin (Gingele and Schmield, 1999). On the upper 

Namibian shelf, no glacial-interglacial variations of the smectite crystallinity can be 

observed down core GeoB1712 (~ 1000m, Gingele and Schmield, 1999), suggesting 
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that the source (± conditions of formation) of those smectites did not change 

significantly. By contrast, at the bottom of the slope (GeoB 1710 - close to MD96-

2098), the Late Quaternary record of smectite 'crystallinity' exhibits significant 

interglacial-glacial fluctuations toward better-crystallized smectite, which, here, 

indicates a southern Atlantic origin.^" This clearly shows that the erosion of the shelf, 

even during glacial times, has not significantly contributed to the detrital 

sedimentation in the deep cores from the Cape Basin, but that there were significant 

increases in South Atlantic glacial inputs. 

Finally, the close relationship between clay-mineral proxies, especially the 

kaolinite/chlorite ratio, and classic paleoceanographic proxies of deep-water masses 

(e.g. Cd/Ca ratios, 5^^C) in the South Atlantic sedimentary records give us further 

evidence that clay-mineral assemblages of the deep Late Quaternary southeast 

Atlantic are controlled by the propagation and extension of deep-water masses 

(Dieckmann et al., 1996, 1999, Gingele and Schmield, 1999). We are confident, 

therefore, that variations in the mass accumulation rates of both Congo River and 

southwestern Atlantic material in deep Cape Basin cores do truly record variations in 

the influence of NAD W and CDW, respectively. 

4.5.4 Evidence for an increased Circumpolar Deep Water flow in the 
glacial South Atlantic 

The relative influence of the Congo River upon detrital sedimentation decreased 

during glacial periods in both the Angola and Cape Basins, whilst the contribution 

from southwestern Atlantic clays increased (Fig. 4.6b). This result is in agreement 

with other proxies such as 5^^C records (Duplessy et al., 1988, Boyle, 1992, Bickert 

and Wefer, 1999) or '̂*̂ Nd/ ^'*^d of Fe-Mn fractions (Rutberg et al., 2000) and 

indicates a decrease in the relative influence of Atlantic deep water in the South 

Atlantic during the last glacial period. During glacial stages, the fraction of detritus 

delivered by CDW was still lower in MD96-2098 (close to the core of modem 

NADW; ~ 20% of SW Atlantic clays) than in the deeper MD96-2086 (from ~ 30-

70%, Fig. 4.6b). This suggests that the present-day stratification of the South Atlantic 

water column (discussed earlier) must still have been present during the last glacial 
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maximum. In addition, during the LGM, clays from the southwestern Atlantic area 

and Congo River contributed to the detritus of MD96-2098 with a ratio of ~2/l (Table 

4.4). This is similar to the case for Holocene MD96-2086 (Table 4.4) and, by 

analogy, may suggest that the glacial boundary between Lower CDW and NADW 

may have shallowed to ca. 2900 "in; a water depth in agreement with previous 

paleoceanographic reconstructions (Samthein et al., 1994, Oppo and Horovitz, 2000). 

Compared to proxies which record seawater chemistry, however, '̂̂ ^Nd/ 

ratios of detrital fractions offer a particular advantage: knowing the global terrigenous 

accumulation rate of the sediment, one can calculate the mass accumulation rate 

derived from each detrital source and, therefore, monitor the behaviour of the water 

masses transporting that detritus. 

Mass accumulation rates for Congo River clays were at least as high in Cape 

Basin cores during the last glacial maximum as in the Holocene (Fig. 4.8). This 

implies that an efficient transport of this material by NADW must have persisted 

under glacial conditions, probably similar to the present-day. This is consistent with 

independent ^^Pa/ ^°Th studies (Yu et al., 1996, Marchal et al., 2000). However, 

accumulation rates of material from the southwestern Atlantic province were much 

greater during the last glacial maximum (up to 5 times higher than in the Holocene, 

Table 4.4, Fig. 4.8), suggesting that transport of sediment by CDW to the South 

Atlantic was significantly enhanced at that time. This can be observed, particularly 

clearly, in the ratio of mass accumulation rates for SW Atlantic: Congo River clays 

(Table 4.4, Fig. 4.8) which increases systematically from interglacial to glacial 

periods. These observations provide evidence that it was an enhanced flow of CDW 

that was responsible for the relative decrease in the NADW influence at the LGM 

evident in Fig. 4.6b. 
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Fig. 4.9. a) Plot of vs 1/Nd ratios for MD96-2086 samples I) without any correction; 
ii) corrected from a constant 5% opal content; iii) corrected from true opal contents 
(Pichevin, Thesis, unpub. Data), b) Non-corrected and opal-corrected mass accumulation 
rates of Namibian dust, Congo River and SW Atlantic material versus age. 
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4.5.5 Effect of the presence of opal in detrital fractions 

In the highly productive area of the southeast Atlantic, there; is an important flux 

of biogenic silica to marine sedinleaits (e.g. Bertrand et al., 1997; Pichevin, Thesis, 

unpublished). In Chapter 3, it has been shown that the removal of opal from any 

marine sediment has no major influence upon the Nd and Sr isotopic composition of 

the detrital fraction, confirming the findings of previous workers that Nd and Sr 

concentrations in biogenic silica are very low (Grousset et al., 1998). As a 

consequence, the presence of any opal in the detrital fraction should act as a diluting 

phase. High opal concentrations in our sediments would be expected, therefore, to 

lower elemental concentrations (including Nd) in our detrital fractions. This may 

have some possible influence on the modelled individual mass accumulation rates 

(MARs) that have been calculated for each of the terrigenous sources (i.e. Namibian 

dust, SW Atlantic clays and Congo River material). To examine this, therefore, in 

Fig. 4.9, we report modelled MARs for core MD96-2086 samples: 1) without any 

correction (as in Fig. 4.8); 2) with an assumed 5 wt % opal (in bulk sediment) 

constant value; and 3) with true wt % opal values (Pichevin, Thesis, unpublished 

data). Opal concentrations (bulk wt %) are listed in Table 4.5. 

Table 4.5 Opal contents in core MD96-2086 (Pichevin, Thesis, unpublished data) 
Depth in core Age Opal Detrital fractions' 

(cm) (kyr) (bulk wt %) Opal (%) Detritus (%) 

46 0.4 0 0 100 

86 7.5 4 25 75 

121 10.6 5 20 80 

161 15.2 8 22 78 

469 48.3 7 ; 30 70 

609 62J 14 29 71 

748 8L7 11 36 64 

962 122.0 7 62 38 

1M9 12&1 10 54 46 

1072 131.0 14 52 48 

1421 181.6 27 45 55 

1441 184.7 31 46 54 

1481 190.9 23 28 72 

1 ^ ^ 195.5 7 20 80 

Opal concentrations were measured by infra-red spectrometry witti an error of around 5%. 
a- Calculated % opal and % detritus in the detrital fractions based on bulk % opal. 
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In Fig. 4.9a, we plot SNd values versus corrected 1/Nd ratios. Because of the 

dilution effect induced by the presence of opal in our detrital fractions, Nd 

concenfrations corrected for opal dilution are higher than measured values, hi Fig. 

4.9a, this causes 1/Nd ratios to decrease and to shift away from the Namibian dust 

'end-member'. In Fig. 4.9b, mass accumulation rates of the three terrigenous sources 

are shown for non-corrected and corrected samples. Modelled MARs for Namibian 

dust in corrected samples can be much lower (up to 75%) than non-corrected values 

(Fig. 4.9b). Although the general shape of Namibian dust accumulation rates down-

core is conserved, with higher accumulation rates found in glacial periods (except for 

LGM), this emphasises the point that our modelled MARs values should only be used 

with great caution. 

For the case of SW Atlantic clays, however, no significant variations can be observed 

between corrected and non-corrected MARs (Fig. 4.9b). With some exceptions, the 

corrected MARs for Congo River material are also very similar to the uncorrected 

ones. This is because Congo River clays and SW Atlantic material possess similar Nd 

concentrations (see Fig. 4.9a). Contrary to Namibian dust MARs, the constancy of 

the MARs calculated for Congo River and SW Atlantic material, and the similar 

down-core variations which are observed for non-corrected and corrected values, 

strongly support the argument that the observed variations in MARs calculated in this 

study are not an artefact linked to the presence of opal in our detrital fractions. Our 

conclusion remains, therefore, that the transport of material from the SW Atlantic 

province to the Cape Basin was significantly enhanced during glacial episodes, 

whereas the transport of Congo River clays via NADW was comparatively constant. 

4.5.6 Implications for the glacial thermohaline circulation 

What might have caused this increase in CDW supplied deposition? In the 

present-day, significant deep-water formation is restricted to two locations; the North 

Atlantic and the Weddell Sea. Our data, consistent with others (e.g. Duplessy et aL, 

1988, Boyle, 1992, Bickert and Wefer, 1999), confirm that a glacial analog of NADW 

continued to form under ice-age conditions. Further, several studies have suggested 

that the production rate and the circulation pattern of bottom-water in the glacial 
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Weddell Sea were not significantly different to modem conditions, either (Lynch-

Stieglitz and Fairbanks, 1994, Walter et al., 2000a,b). Therefore, for any enhanced 

CDW flow to enter the glacial southeast Atlantic, it appears that some additional 

source of bottom-water formation was required. With a quasi-constant input from 

both the North Atlantic and the Wefldell Sea, an obvious candidate for any additional 

source would be glacial Pacific deep-water formation. Important support for the 

occurrence of deep convection processes in the glacial North Pacific comes from the 

recent observation that Pacific surface waters were much colder during the last glacial 

maximum (by 3-4°C) than at the present-day (Lea et al., 2000). Further, ocean 

modeling, using last glacial maximum boundary conditions to constrain atmospheric 

circulation patterns shows that atmospheric circulation patterns indicate an increase in 

surface water salinities in the northwest Pacific, sufficient to induce glacial deep 

convection in that region (Lautenshlager et al., 1992). Taken in concert, those 

observations - together with our investigations in the SE Atlantic - add increasing 

weight to the argument that Pacific deep water formation was active in the glacial 

ocean (Lynch-Stieglitz and Fairbanks, 1994, Goldstein et al., 2000). That, in turn, 

would be expected to contribute to an increased CDW flow consistent with the data 

presented here. 

4.6. Conclusions 

The Nd and Sr isotopic composition of detrital fractions from a set of five 

sediment cores taken from the Angola and Cape Basins has been analysed, to 

reconstruct the pattern of deep-water circulation in the southeast Atlantic Ocean 

during the Late Quaternary. In these cores, Nd isotopic records exhibit an 

interglacial-glacial cyclicity. However, ^^Sr/ ^^Sr ratios are influenced by the 

presence of barite in the detrital fractions, as revealed by high Sr and Ba 

concentrations, and by also, possibly, a 'grain-size effect'. This shows that it is 

important to assess the presence of barite in any marine sediment before using Sr 

isotopes in their detrital fractions for provenance studies. 

The three main sources of terrigenous material to the deep southeast Atlantic 

Ocean are: 1) clays delivered to the equatorial Atlantic by the Congo River and 
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transported south by North Atlantic Deep Water (NADW), 2) material from the 

southwestern province advected north by Circumpolar Deep Water (CDW), and 3) 

aeolian dust blown from the Namib Desert. At present, the presence of the Walvis 

Ridge prevents the northward flow of CDW from entering the Angola Basin. This is 

clear from the Nd isotope data of recent (and interglacial) detrital fractions, which 

accurately record the hydrography of the present-day deep southeast Atlantic. 

During glacial periods, our results suggest that the contribution of Namibian dust 

to the detrital sedimentation of the Angola and northern Cape Basins increased. The 

influence of the Congo River upon detrital sedimentation decreased during glacial 

times in both the Angola and Cape Basin, whilst the contribution from southwestern 

Atlantic clays increased. This result is in agreement with other proxies and indicates 

a decrease in the relative influence of Atlantic deep-water in the South Atlantic during 

the LGM. 

Individual mass accumulation rates for each terrigenous source (i.e. Namibian 

dust, Congo River clays, SW Atlantic material) have been calculated. These results 

have led to the suggestion that mass accumulation rates for Congo River clays have 

remained relatively constant throughout the Late Quaternary, indicating that efficient 

transport of this material persisted under ice age conditions. These same results also 

appear to indicate that the northward transport of southwestern Atlantic clays, by 

CDW, increased significantly during glacial periods. This would suggest that it was 

an enhanced flow of CDW which was responsible for the relative decrease observed 

previously in glacial NADW influence. 

The effect of the presence of opal upon our modelled accumulation rates has been 

assessed. Calculation shows that estimated mass accumulation rates of Namibian dust 

are very sensitive to the assumed opal content of the sediments. Thus, there may be 

important errors in our calculated MAR values. However, the effects of opal 

correction upon MARs for both Congo River clays and SW Atlantic material are only 

minor and this, in turn, implies that our conclusions concerning the relative influences 

of Congo versus SW Atlantic detritus, hence NADW vs. CDW flow, remain valid. 

Finally, I speculate that the circulation operating during glacial periods would have 

required an additional source of deep-water formation, possibly in the Pacific. 
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Chapter 5 

Major elements in the dispersed Fe-Mn oxyhydroxide 
fractions: The geochenrical redox status of the cores 

Abstract 

The of Fe-Mn oxyhydroxides from marine sediments represents an 

attractive and, potentially, very powerful tool to resolve short-term paleoceanographic 

changes. However, some studies have stressed that diagenetic processes and 

'continental' contamination could significantly alter the initial seawater signal 

recorded in these Fe-Mn oxyhydroxides (Palmer and Elderfield, 1986; Grousset et al., 

1988; Claude-Ivanaj et al., 2001; Frank et al., 2001; Freydier et al., 2001; Tachikawa 

et al., 2001). In the next chapter (Chapter 6), the impact of early diagenesis and 

'continental' contamination on the Nd isotopic composition of the Fe-Mn fraction of 

our sediments from the southeast Atlantic area will be examined. But first, the 

geochemical redox state of our studied cores must be considered. To this end, the 

major (Ca, Al, Si, Fe, Mn, P, Ba, Ti) and trace element composition of the Fe-Mn 

leachates in our sediments have been analysed. 

As revealed by redox sensitive element (Mn, P, Fe) concentrations, the studied 

section of core MD96-2085 exhibits a typical diagenetic zonation from oxic to 

suboxic conditions and is, therefore, particularly suitable for investigation of the 

behaviour of the rare earth elements during early diagenesis. In the high productivity 

area of the northern Cape Basin, the three other cores (MD96-2087, -2098 and -2086) 

are clearly under post-oxic conditions. In these cores, a pronounced increase in Fe 

leachate concentrations during glacial episodes seems to result from a higher flux of 

wind-blown Namibian Fe-oxides to the Cape Basin sediments during these periods. 
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5.1 Introduction 

Only a few proxies have been identified which can be exploited as tracers of past 

water masses and ocean circulation. Most of these paleoceanographic proxies give 

direct information concerning the chemical composition of past water masses. For 

example, records and Cd/Ca ratios from the calcitic shells of benthic 

foraminifera have been used widely to infer past changes of ocean circulation (e.g. 

Boyle, 1988, 1992; Charles and Fairbanks, 1992; Mackensen and Bickert, 1999; Oppo 

and Horovitz, 2000). However, both 6^C values of dissolved organic carbon and Cd 

concentrations in the deep ocean, being closely related to nutrients, are essentially 

controlled by the cycle of marine organic matter (Kroopnick, 1985; Boyle, 1988). As 

a consequence, productivity effects unrelated to ocean circulation can significantly 

overprint the 'seawater' 5^^C signature of benthic foraminifers (e.g. Bickert and 

Wefer, 1999). In addition, partial dissolution of the calcitic shell of foraminifers has 

also been shown to lower initial Cd/Ca ratios (McCorkle, 1995). 

Nd isotopes may represent a preferable alternative to the nutrient proxies, in the 

sense that they combine unique properties which render them direct tracers, 

potentially, of past and present circulation: 1) The seawater Nd budget is controlled 

primarily by continental inputs (e.g. Piepgras et al., 1979; Albarede et al., 1997); 2) 

due to efficient scavenging by settling particles, the oceanic residence time for Nd is-

200-1000 yrs (e.g. Elderfield, 1988; Tachikawa et al., 1999) i.e. of the same order as, 

or shorter than, the deep ocean mixing time; 3) during their incorporation into/onto 

authigenic phases, Nd isotopes are not measurably fractionated, either by biological or 

physical processes. As a consequence of these properties, the "̂̂ ^Nd/ ^^^d ratio 

recorded by an authigenic phase may faithfully replicate the signature of the seawater 

from which it precipitated and, thus, be useful for tracing the advection and mixing of 

oceanic water masses. This is shown clearly by the consistency between Nd isotopic 

variations in surficial Fe-Mn deposits from the Southern Ocean and present-day 

bottom-water circulation in this region (Albarede and Goldstein, 1992; Albarede et 

aL, 1997). 

As discussed in Chapter 1, various authigenic deposits have been used to infer the 

Nd isotopic composition of past water masses. In particular, following the pioneer 
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work of Palmer and Elderfield (forams; 1986), the Fe-Mn oxyhydroxide fraction 

dispersed within marine sediments has recently been used to infer past deep-ocean 

changes which have occurred over glacial-interglacial timescales (Rutberg et al., 

2000). Rutberg and co-workers showed that the influence of NADW was 

significantly reduced in the Southern Ocean during the last glacial maximum. Thus, 

that work has demonstrated the potential of Nd isotopes as a paleoceanographic 

tracer. 

However, recent studies have raised some doubts about the ability of Fe-Mn 

fractions to preserve the seawater signal of past water masses accurately. For 

example, studies of Mediterranean sediment cores have suggested that the Nd isotopic 

composition of Fe-Mn leachates could be strongly influenced by both Saharan dust 

and changing intensity of the Nile River discharge (Freydier et al., 2001; Tachikawa 

et al., 2001). In addition, it is also well known that Fe-Mn oxyhydroxides are among 

the phases most sensitive to early diagenetic processes which occur in the upper ~ ten 

centimeters of the sedimentary column. This led Palmer and Elderfield (1986) to 

suggest that the REE associated with the Fe-Mn oxide fraction may lose their 

'seawater identity' during diagenesis. Unfortunately, the behaviour of REE 

associated with these authigenic oxides during early diagenesis remains poorly 

explored (Dubinin, 1998). 

The '"'^Nd/ ^ ' ^ d of Fe-Mn oxyhydroxides from marine sediments may represent 

an attractive and, potentially, very interesting tool to resolve short-term 

paleoceanographic changes, but there is a need to better constrain how both diagenetic 

effects and continental 'contamination' may affect the initial seawater signal recorded 

by Fe-Mn oxyhydroxides. In particular, it is essential to understand how the REE 

which are associated with Fe-Mn oxyhydroxides within marine sediments can be 

affected during early diagenetic processes. 

Due to the presence of Namibian Upwelling, sediments in our study are rich in 

organic carbon and active early diagenetic reactions are to be expected below the 

sediment/seawater interface. In addition, three of our cores are situated beneath the 

flow trajectory of the southeast trade winds, which transport dust from the Namib 

Desert across the whole of the subtropical southeast Atlantic. This makes our 

sediments particularly suitable, therefore, for an evaluation of how strongly both 
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diagenetic effects and continental 'contamination' may affect the original seawater 

signals of past bottom-water masses. 

Here, major (Al, Si, Ca, Ti, Fe, Mn, P) and trace element concentrations of the Fe-

Mn leachates from our studied cores are presented, in order to; 1) determine the 

source of these elements in the leachates (e.g. Fe-Mn oxyhydroxides, detritus, 

biogenic material) and, 2) infer the general redox state of each of our five cores. In 

the following chapter, we show that the chemical composition of our Fe-Mn fractions 

is strongly influenced by both diagenesis and 'continental' contamination. 

5.2 Early diagenetic processes 

In essence, the amounts of organic matter and pore-water O2 in any sediment core 

are the main factors which control early diagenesis within the sediment column. The 

decomposition of organic matter by oxidation triggers a complex series of redox 

reactions within the upper sedimentary column. Only a small fraction of the total 

sediment, including the Fe-Mn oxyhydroxides, is reactive during early diagenetic 

processes. Detrital minerals, generally, are not affected measurably by changes of 

redox conditions within the sediment. The commonly accepted sequence of terminal 

electron acceptors in the oxidation of organic matter starts with the use of oxygen, and 

proceeds via reduction of nitrate, Mn(IV)-oxides, Fe(III)-oxides and finally, sulfate 

{e.g. Froelich et al., 1979). The early diagenetic zonation in sediments: oxic (key 

oxidant: O2), suboxic (nitrate, Mn(IV)-oxides, and Fe(III)-oxides), and anoxic zones 

(Fe(III)-oxides, sulfate) are based on the respective dominating oxidants (Froelich et 

al., 1979). Fig. 5.1 illustrates the effect of diagenetic processes upon both the pore-

water and reactive solid phase Fe and Mn concentrations within the sediment, 

schematically. When all the O2 and nitrates available in the upper sedimentary 

column have been consumed, the decomposition of organic matter then involves the 

reduction of Mn-oxides and Fe-oxyhydroxides. The resultant Mn^^ and ions are 

released into pore waters and migrate upwards until they re-precipitate when re-

encountering oxic conditions (e.g. Aller, 1990). 
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Fig. 5.1 Typical early diagenetic sequence. The decomposition of organic matter proceeds from the use 
of oxygen, to nitrate, Mn-oxides, Fe-oxyhydroxides, and finally to sulfate. The early diagenetic zonation; 
oxic (O2), suboxic (nitrate, Mn-oxides, and Fe-oxyhydroxides), and anoxic zones (Fe-oxyhydroxides, sulfate) 
are based on the respective dominating oxidants. When all the and nitrates available in the upper 
sedimentary column have been consumed, the decomposition of organic matter then involves the reduction 
of Mn- and Fe-oxides. The resultant and Fe *̂ ions are released into pore-waters and migrate upwards 
until they reprecipitate when reencountering oxic conditions. Re-precipitation of redox sensitive elements 
are on a redox gradient around the active oxic/suboxic boundary. This leads to a sequence of element 
enrichments in the suboxic zone. 
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This results in the solid phase peaks of Mn-oxyhydroxide and Fe-oxyhydroxide 

concentrations often found near the base of oxic layers (e.g. Froelich et al., 1979; 

Wallace et al., 1988). During the decomposition of organic matter in the oxidized 

surface layer, high concentrations of elements associated with organic compounds 

(e.g. Cu, Ni, P, etc) are released into the pore waters from which they can be re-

adsorbed, subsequently, onto Fe-oxyhydroxides {e.g. Hem et al., 1989; Sundby et al., 

1992, Slomp and van Raaphorst, 1993, Slomp et al., 1996). Thus, it is the redox 

cycling of Fe-Mn oxyhydroxides at the oxic/suboxic boundary which partly controls 

the distribution of these elements in the upper sedimentary column (e.g. Hem et al., 

1989; Thomson et al., 1993; Slomp et al., 1996; Dubinin, 1998; Haese, 2000 and 

references therein). 

The redox status of a sediment core can often best be inferred from porewater 

profiles. However, leaching with chemical reagents, like hydroxylamine 

hydrochloride, which extract a diagenetically sensitive solid phase of the sediment 

(i.e. Fe-Mn oxyhydroxides), can also provide useful information on the redox 

conditions within sediment cores (e.g. Slomp et al., 1996; Haese et al., 1997). 

Although the resolution of our study is not appropriate for a precise determination of 

early diagenetic zonations, which usually occur in the first few {e.g. 0-10) centimeters 

below the sediment/water interface, the Mn, Fe and P contents of our leachates 

provide empirical evidence concerning the general redox state of our studied cores. 

5.3 Materials and methods 

In order to study the influence of diagenesis and 'continental' contamination on 

the REE and Nd isotopic compositions of the Fe-Mn oxyhydroxide fractions, we look 

at all five cores from the northern (MD96-2087, -2098, -2086), and central (MD96-

2085) Cape Basin and the Angola Basin (MD96-2091). The southeastern Atlantic 

margin is a highly productive area due to the presence of wind-driven coastal 

upwelling (Hutchings et al., 1995; Shannon and Nelson, 1996). One of the most 

productive cells of the upwelling system is located in the northern Cape Basin, off 

Liideritz Bay. Sediments found in this area, therefore (including cores MD96-2087, -
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2098 and -2086), are all rich in organic matter. Details of the Ethologies and 

stratigraphy of each of the studied cores were presented earlier, in Chapter 2. 

Fe-Mn oxyhydroxide fractions were extracted from our sediments by the 

sequential leaching procedure described in Chapter 3. This procedure involves the 

removal of carbonate from the ground freeze-dried bulk samples, first, by leaching 

with acetic acid. A mixture of IM-hydroxylamine hydrochloride in 25% acetic acid 

was then used to leach the Fe-Mn oxyhydroxide fraction. This step groups the 

extraction of Mn-oxides, amorphous Fe-oxyhydroxides and crystalline Fe-oxides 

(Chester and Hughes, 1967). 'Mother' solutions of Fe-Mn leachates were diluted to 

0.6M-HC1 for analysis by ICP-AES of major (Al, Si, Ca, Fe, Mn and P) and transition 

metal (Ti, Ni, Cu and Zn) elements. Precision was generally better than 1% for all 

elements except P (generally less than 5%). 

5.4 Results 

5.4.1 Contamination during the leaching step 

Major element data are listed in Table 5.1. Trace element data, excluding REE, 

are shown in Appendix 6. In the leachates, the three most abundant elements are, 

given in average concentrations ± range: Ca (20 ± 10%), Fe (14 ± 10%) and Al (10 ± 

8%). In addition, other major elements in the Fe-Mn leachates are Si, Ba and P (1.3 ± 

~ 3%), and Mn (0.1 ± 0.2%, excluding core MD96-2085). All these data have been 

normalized according to the same approach described previously in section 3.6. For 

the normalization, it was considered that the elements present in our leachates could 

come from 3 distinct mineral fractions: 1) terrigenous material dissolved during 

leaching with hydroxylamine hydrochloride solutions; 2) biogenic material (e.g. 

biosilica, carbonates) either dissolved during the leaching step or associated with the 

Fe-Mn oxyhydroxides; 3) authigenic Fe-Mn oxyhydroxides. 
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Table 5.1. Major and trace element data of Fe-Mn leachates 

% of phases in leachates^ 
Depth Age Weight leached* firm,'' Biogenic Fe-Mn Detritus Ca Al Ba Si Ti Fe P Mn 

(cm) (kyr) (mg) (%) (%) (%) (%) (%) (%) (%) (ppm) (%) (%) (ppm) 

MD96-2087 (depth = 1028m) 

5 6.3 4.0 2.49 82 * " l 7 1 28.0 5.1 1.44 1.69 78 .9.0 1.77 484 

229 11.5 4.3 2.35 73 25 2 23.4 6.7 1.35 1.67 145 14.2 1.82 748 

603 23.6 5.1 1.95 64 34 2 19.3 7.5 1.25 1.49 137 20.0 2.04 857 

890 43.9 6.2 1.62 63 35 2 20.5 5.8 0.35 1.13 113 20.7 1.98 764 

999 65.8 5.1 1.98 54 43 3 15.4 8.2 0.81 1.25 159 25.8 1.86 805 

1201 90.8 3.2 3.16 52 45 3 14.4 7.7 1.20 2.07 202 26.6 2.15 679 

1250 94.7 4.0 2.50 60 38 2 19.1 5.6 0.96 1.71 113 22.4 1.96 544 

MD96-2098 (depth = 2910m) 

0 6.0 4.5 2.25 85 14 1 22.8 13.5 2.33 1.66 70 8.0 0.76 562 

25 7.0 7.6 1.31 86 13 1 24.3 12.9 1.59 0.94 55 7.2 1.05 574 

110 11.4 4.2 2.39 82 17 1 22.8 11.8 2.43 1.64 69 10.1 0.76 585 

171 14.4 6.2 1.62 76 21 3 24.5 8.0 1.18 1.11 203 10.3 1.28 660 

201 16.0 6.3 1.59 80 19 1 25.2 8.1 1.19 1.08 73 11.1 1.21 653 

231 17.6 6.4 1.57 77 22 1 22.7 9.8 1.02 1.05 74 13.2 0.95 678 

M096-2086 (depth = 3606m) 

46 0.4 6.7 1.50 87 11 2 23.5 14.6 - - 108 6.2 0.77 826 

86 7.5 5.7 1.76 80 18 2 21.0 13.9 1.90 - 137 9.8 0.67 1003 

121 10.6 5.1 1.96 78 20 2 21.5 12.5 1.99 1.15 132 11.9 0.71 860 

161 15.2 1.4 7.08 78 18 4 19.1 13.2 0.98 4.18 235 10.9 0.26 685 

469 48.3 6.7 1.50 80 19 1 23.9 9.8 1.31 1.13 77 11.3 0.87 649 

609 62.2 8.2 1.22 75 23 1 20.7 11.9 1.08 1.03 94 14.1 0.46 814 

748 81.7 5.7 1.77 78 21 1 22.1 11.2 2.05 1.18 91 12.3 1.10 888 

962 122.0 14.0 0.71 93 7 1 31.7 6.7 0.64 0.60 33 3.1 1.43 715 

1009 126.1 11.7 0.86 86 13 1 28.1 8.0 0.85 0.77 49 6.9 1.64 948 

1048 129.0 5.3 1.89 73 25 1 19.1 12.7 2.08 1.44 93 15.0 0.80 844 

1072 131.0 5.7 1.77 75 24 1 20.7 11.5 1.50 1.35 95 13.8 1.24 834 

1421 181.6 7.1 1.40 69 30 2 18.6 11.5 0.97 0.82 106 18.1 0.64 1065 

1441 184.7 4.9 2.05 64 34 2 15.0 13.6 0.74 1.19 144 19.5 0.60 1117 

1481 190.9 6.3 1.58 75 23 2 19.9 13.4 1.63 0.88 105 13.4 0.65 1117 

1516 195.5 7.0 1.43 82 17 1 23.7 11.6 1.39 0.81 92 9.6 0,99 1339 

MD96-2085 (depth = 3001m) 

0 0.5 8.1 1.24 71 28 1 21.4 8.7 1.00 0.94 78 12.4 1.38 50610 

20 3.8 8.9 1.12 72 26 1 22.0 8.7 1.13 0.92 82 10.6 1.20 61669 

50 8.4 8.9 1.13 76 22 1 23.3 9.2 1.43 0.87 94 10.6 1.36 30319 

60 10.0 8.2 1.21 76 22 1 23.3 9.1 1.55 0.99 82 11.1 1.56 21527 

80 13.1 10.8 0.93 85 14 1 _ 29.2 5.8 1.02 0.77 51 7.6 1.62 1420 

90 14.6 7.5 1.34 80 19 1 ' 25.4 8.1 1.61 1.08 72 10.2 1.95 1375 

110 18.8 6.6 1.51 80 18 2 24.2 9.6 1.84 1.22 98 10.5 1.23 1396 

MD96-2091 (depth = 3569m) 

2 1.6 7.7 1.30 66 33 1 20.3 7.3 - 0.99 77 19.8 1.44 1526 

21 7.2 7.4 1.35 75 23 2 23.9 7.9 1.31 0.94 111 13.6 1.29 1848 

611 117.7 6.8 1.46 77 21 2 22.8 10.4 1.80 1.10 139 11.8 1.58 2135 

641 122.0 6.9 1.45 67 31 3 19.7 9.2 1.20 1.08 171 18.0 1.92 1622 

651 126.8 6.7 1.50 70 29 2 19.9 10.0 0.65 1.17 104 16.8 1.37 2228 

661 131.7 6.0 1.67 62 35 2 16.0 11.5 0.76 1.35 157 21.0 1.27 2029 

681 141.3 4.6 2.15 58 39 3 10.1 16.8 1.22 1.53 183 23.7 0.98 3190 

701 151.0 4.7 2.14 61 37 3 8.8 18.74 1.208 2.60 176 22.0 0.909 3209 
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Table 5.1. (Continued) 

% of phases in leachates® ' 

Depth Age Weigh t leached® f ^ 'inn% Biogen ic Fe -Mn Detritus Ca Ai Ba Si Ti F e P Mn 

(cm) (mg) ( % ) ( % ) ( % ) (%) ( % ) ( % ) ( % ) (ppm) ( % ) ( % ) (ppm) 

N a t n i b i a n d u s t s 

W B - 1 Hoi 7.7 1.262 60 11 2 9 20.3 13.6 - 0.85 651.9 5 . 9 2 ^ 9 2 7 9 9 

NC96/1 /2 Hoi 4.8 2 .053 78 13 10 2 & 2 4.0 - 0.66 305.8 7 . 8 0.22 2891 

NC9G/7/1 L G M 3 . 2 3.085 53 3 2 15 8 . 3 6 . 3 - 0.90 ( B & 8 20.3 0.30 4154 

NC96/7 /2 L G M 8.0 1 . 2 4 84 10 6 29.9 2.4 - 0 . 4 2 2 3 & 2 6 .1 0.15 1 7 2 0 

a - The weight of material leached during the hydroxylamine hydrochloride leach and the percentage of detritus, 
biogenic material and Fe-Mn fraction in the leachates are calculated using the normalization approach which is described 
in section 3.5. All major and trace element data are normalized using this approach. 
b- fioo% is the factor of normalisation by which initial major and trace element data are multiplied (see section 2.6.2.1) 
fioB% = 100/(E fractions) 
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Because Al/Ti ratios in our leachates are very high (> 500; Table 3.1, 5.1) when 

compared to typical shale (16; Taylor and McLennan, 1985), we suspect that a 

significant amount of the A1 present in our leachates comes from biogenic material 

(e.g. Dymond et al., 1997). Highly' productive areas, like the southeast Atlantic 

margin, are generally characterized "By a significant flux of biogenic silica (rich in Si 

and Al) and Ba (e.g. Gingele and Damhke, 1994; Abrantes, 2000). To calculate the 

detrital fraction of the leachates, therefore, we have assumed that Ti contents 

measured in our leachates were derived exclusively from contamination by detrital 

material during the leach. Using the chemical composition of PAAS (Taylor and 

McLennan, 1985), we then calculate model concentrations of other detrital major 

elements (i.e. Si, Ca, Fe, Mg, K) in the Fe-Mn leachates. The biogenic fraction in our 

leachates was assumed to be composed of Caexcess (as carbonates), Alexcess and Sigxcess 

(as oxides) and Ba. In the authigenic Fe-Mn fraction, we have grouped Fcexcess and 

Mn (as oxyhydroxides) in addition to P and transition elements (Ni, Zn, Cu), which 

are intensively scavenged by Fe-Mn oxyhydroxides in sediments (e.g. Hem et al., 

1989; Slomp et al., 1996). 

The percentage (wt %) of contribution of each fraction in our leachates (i.e. total 

mass which goes into solution (solid weight) deriving from the dissolution of a-

biogenics, b- Fe-Mn oxyhydroxides, c- detritus) is given in Table 5.1. What is clear is 

that biogenic phases are the most abundant fraction in our leachates (average 73 ± 20 

wt%), followed by the Fe-Mn oxyhydroxides (average 25 ± 25 wt%). The total 

biogenic component, here (~ 73 wt% of total leachate), represents only 1-3% of 

TOTAL biogenic content in the bulk sediments. Reassuringly, the detrital fraction 

represents only 2 wt%, on average, in our Fe-Mn leachates, confirming that leaching 

with hydroxylamine hydrochloride solutions has not attacked the terrigenous fraction 

of our sediments significantly (see section 3.6.3). Because concentrations of Nd are 

very low in both carbonates (~10 ppb, Palmer, 1985) and opal (~3 ppm, Grousset et 

al., 1998), incorporation of biogenic material in the leachates should have only a 

minor influence on the Nd isotopic composition of the Fe-Mn oxyhydroxide fractions. 
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rey shading corresponds to glacial periods. 
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5.4.2 Elements from biogenic and detrital fractions (Ca, Al, Ba, 
Si, Ti) 

Depth-profiles of Ca, Al, Ba, Si and Ti are plotted in Fig. 5.2 together with Fe 

(discussed later). Down-core concentrations of Ca range from ~ 10 to 30%, with 

highest concentrations found generally during the interglacial periods. In Fig. 5.3a, 

we have plotted the Ca % in the leachates versus the percentage (wt %) of carbonates 

in the bulk sediments. Clearly, the highest Ca concentrations in the leachates are 

found in samples with the highest carbonate contents. A good correlation between 

%Ca in the leachates and the % bulk carbonates can be observed in Fig. 5.3a. This 

suggests that a significant amount of Ca present in our leachates derives directly from 

the dissolution of residual carbonates which have not been dissolved during the first 

leach step with 10% acetic acid. However, we calculate that the amount of carbonate 

dissolved during the hydroxylamine hydrochloride leach represents, on average, only 

1.2 ± 2.0 % of the total amount of carbonate present in the starting bulk sediment. 

Based on that assumption, the initial leach with 10% acetic acid is seen, here, to be 

97-99% effective. 

In Fig. 5.3b, we have also plotted the Sr concentrations in our leachates versus the 

percentage (wt %) of carbonates in the bulk sediments. The good positive correlation 

observed here, too, suggests that Sr in our Fe-Mn leachates is also mainly derived 

from the carbonate fraction. Because this phase is much more important than release 

of detrital material into the leach solutions, any contamination of Sr from the biogenic 

fraction, assumed to carry the isotopic signature of contemporaneous seawater, would 

undoubtedly mask any potential contamination from the terrigenous fraction for all 

marine sediments. This demonstrates that the observation of a seawater-like ^'Sr/ ®̂Sr 

signature, alone, in any Fe-Mn oxide leached fraction does NOT guarantee that the 

leachate under investigation has not been contaminated by dissolution of detrital 

material during the leach with hydroxylamine hydrochloride. 

Down-core variations of Al concentrations in the leachates range from 5 to 19% 

(TdWe5^). 
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Fig. 5.3. a) Relationship between bulk CaCO, and Ca in the leachates. 
b) Relationship between bulk CaCO, and Sr in the leachates. The positive 
correlations suggest that Ca and Sr in the Fe-Mn leachates derive from 
residual carbonates which have not been removed during the 10% acetic 
leach. 

120 



Chapter 5. Major elements in the Fe-Mn oxide fractions 

From Fig. 5.2, it can be observed that down-core A1 concentrations, together with 

Si, Ti, Ba and even Fe, to a first approximation, vary inversely with Ca concentrations 

in the leachates. This suggests, therefore, that the down-core fluctuations of these 

elements in our leachates are likely due to some dilution effect rather than a change in 

the supply of these elements by contamination. 

In Fig. 5.4a and 5.4b, we have plotted Ba versus A1 and Si concentrations in the 

leachates. Both A1 and Si exhibit a positive correlation with Ba. but Ba 

concentrations in the leachates are much too high to be explained by incorporation of 

shale-like material (PAAS, Taylor and McLennan, 1985) or from barite-rich detrital 

fractions (Fig. 5.4). Barite is a very insoluble mineral phase which can only be 

dissolved by specific chemical treatments (e.g. Church, 1979; Breit et al., 1985). As 

revealed by our high Ba concentrations in our detrital fractions (~ 0.5%; Table 4.1) 

our aggressive disgestion with HF and perchloric acid (section 3.5) has enabled the 

dissolution of barite, at least partially. However, leaching with hydroxylamine 

hydrochloride solutions should NOT have removed any Ba associated with barite. 

Therefore, the high Ba contents in the leachates (0.3 - 2.4%) can unambiguously be 

attributed to some other, presumably biogenic, source. High contents of barium are 

found, usually, in sediments underlying areas of increased biogenic production 

(Bishop, 1988; Dymond et al., 1992; Gingele and Dahmke, 1994) and sedimentary 

barium concentrations in marine sediments have been used, previously, as tracers for 

oceanic paleoproductivity (e.g. Dymond et al., 1992; Gingele and Dahmke, 1994). 

Although barite is the main carrier phase of barium to marine sediments underlying 

highly productive areas (e.g. Dymond et al., 1992; Gingele and Dahmke, 1994), 

Dymond et al. (1992) have showed also that the leaching of such sediments, with 

hydroxylamine hydrochloride solutions, can remove -30% of the total Ba content, and 

suggest, therefore, that Fe-Mn oxyhydroxide phases may be significantly enriched in 

Ba during early diagenesis. If, in our Fe-Mn leachates, the high Ba concentrations 

observed are biogenic in origin, then the positive correlation between Al and Si versus 

Ba would seem to confirm that both Al and Si in these leach solutions must also 

derive at least in part from biogenic and/or organic material. By contrast, Ba and Ti 

concentrations in the leachates (Table 5.1) do not exhibit any similar correlation, 

providing further confirm that Ti, in our leachates, is derived from detrital material 

instead and, hence, quite decoupled from leachate Al and Si distributions. 
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5.4.3 Elements from the Fe-Mn oxyhydroxide fraction (Mn, P, 
Fe) 

In marine sediments, the distribution of Fe-Mn oxyhydroxides is primarily controlled 

by redox processes active during early diagenesis (e.g. Froelich et al., 1979; Thomson 

et al., 1993). Early diagenesis causes a geochemical zonation within the top few (0-

10) cm of the sedimentary column (see Fig. 5.1) with exact depths depending on the 

availability of oxidants and organic matter, which can usually be inferred from pore-

water analysis and/or specific solid-phase investigations (e.g. Froelich et al., 1979; 

Thomson et al., 1993; Slomp et al., 1996; Haese, 2000). Leaching our sediments with 

IM-hydroxylamine hydrochloride in 25% acetic acid solution, we have extracted a 

diagenetically sensitive solid-phase of the sediment which should include: Mn-oxides 

(Mn02, poorly crystallized and easy reducible), Fe-oxyhydroxides (FeOOH.HiO: 

poorly crystallized, easy reducible), Fe-oxides (lepidocrocite, goethite, hematite, 

magnetite: well-crystallized, only soluble by strong reducing agents - Chester and 

Hughes, 1967). During the leach step, we will have also extracted all those elements, 

which are preferentially scavenged by Fe-Mn oxyhydroxides during early diagenesis 

(e.g. P, Zn, Cu, Ni; e.g. Hem et al., 1989; Slomp et al., 1996). In Fig. 5.5, 5.6 and 5.7, 

we present depth-profiles of Mn, P and Fe leachate concentrations, respectively, to 

investigate the geochemical redox state of the studied sections of our cores. Here, our 

aim is to identify the most appropriate core (i.e. a core which exhibits a clear early 

diagenetic zonation) in which to investigate, later, the behaviour of REE during early 

diagenesis. In Chapter 4, we showed - from the Nd isotopic composition of the 

detrital fractions - that the three cores from the northern Cape Basin (MD96-2087, -

2098 and -2086) have received an enhanced flux of Namibian wind-blown dusts, a 

potential source of Fe-oxides, during glacial episodes. Therefore, we expect that the 

leachates of glacial samples from these northern Cape Basin cores may contain an 

additional input of Fe from a Namibian origin (see later). 
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Mn. In the northern Cape basin cores (MD96-2087, -2098 and -2086), down-core 

concentrations of Mn are relatively constant and low (~ 700 ppm), even in the most 

sxirficial samples of MD96-2087 (5 cm) and -2098 (0 cm) (Fig. 5.5). Because site 

MD96-2087 is located at ~ 1000m water depth, in the oxygen minimum zone (OMZ) 

of the water column (165 pmol/kg; WOCE A13 section'*), 0% concentrations in 

surficial sediments are low. Thus any upward flux of and Fe^^ ions will be 

released directly to the overlying bottom-waters instead of being reprecipitated in the 

upper oxic portion of the sediments as occurs in most sedimentary marine 

environments. For cores MD96-2098 and -2086, oxygen consumption, as well as 

reduction of nitrates and Mn(IV)-oxides, probably occurs within the first few 

decimeters below the sediment surface as should be expected in sediments with high 

concentrations of organic matter (up to 7%, Bertrand et al., in press). In the case of 

these cores, a significant part of the upward flux of and Mn^^ is probably also 

released into the overlying bottom-waters. 

Another explanation, which might also contribute to the absence of Mn-rich horizons 

within the northern Cape Basin cores, is adsorption of Mn̂ "̂  ions from pore waters 

onto calcite surfaces in the post-oxic zone of marine sediments (e.g. Thomson et al., 

1986). These authors have shown that formation of MnCOs under mildly reducing 

conditions significantly limits the upward Mn migration and, therefore, prevents the 

formation of large Mn-enrichments near the sediment surface. If such were the case, 

this 'missing' Mn would have been entirely leached during the first chemical 

treatment of our procedure (dissolution of CaCO] with acetic acid) and, hence, 

discarded prior to this stage of the analysis. Whatever is the case, it seems clear that 

the northern Cape Basin cores are not particularly suitable for an investigation of the 

behaviour of REE during early diagenesis. 

By contrast, in the top ten centimeters of MD96-2085, a peak of up to 10% Mn 

concentrations (in the leachates) reveals the presence of a Mn-rich horizon of re-

precipitation, characteristic of an oxic zone in the upper part of the sedimentary 

column. Mn concentrations suddenly drop to ~ 1000 ppm at 80 cm-depth indicating 

suboxic conditions below this depth. 

http ://whpo • ucsd. edu/ data/onetime/atlantic/a 13/mdex. htm 
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P. In cores MD96-2098 and -2086, P concentrations of the leachates range between 

0.5 and 1.5%, approximately (Fig. 5.7). P concentrations are much higher in 

shallower core MD96-2087 (~ 2 %). This reflects the fact that site MD96-2087 

directly underlies the highly productive surface waters of the Luderitz upwelling cell. 

As a consequence, there is probably an important flux of P, associated with organic 

matter, to the sediments which is then released into the pore-waters during 

remineralisation and is subsequently bound to reprecipitating/authigenic Fe-

oxyhydroxides (e.g. Slomp et al., 1996). 

In core MD96-2085, at 90 cm-depth, a peak of P concentrations (~ 2%) can be 

observed. This peak probably marks a re-concentrated P-rich horizon around the 

active oxic/suboxic boundary, lying, as it does, just below the peak of Mn 

concentrations in this core. Concentrations of P drop sharply to ~ 1.2% at 110 cm 

(Fig. 5.6, Table 5.1). Thomson et al. (1996) have previously reported a similar 

sequence of diagenetic enrichment of Mn and P with depth. 

Fe. Down-core concentrations of Fe in the leachates are shown in Fig. 5.7. In core 

MD96-2085, the general pattern of Fe concentrations is similar to that of Al, 

suggesting that it could partly reflect a dilution effect by the Ca concentrations. 

Contrary to Mn, Fe concentrations remain relatively high (~ 10%) and constant along 

the studied section. This indicates that Fe-oxyhydroxides are not currently being 

reduced in the studied section, and that stronger suboxic/anoxic reducing conditions, 

leading to reduction of Fe-oxides, are probably only encountered deeper in the core. 

From the observed patterns of all of Mn, P and Fe in the leachates, we suggest that the 

present-day oxic/suboxic boundary in core MD96-2085 is located between 60 and 80 

cm depth. 

In the northern Cape Basin cores, concentrations of leachable Fe oxide material tend 

to match the climatic signal (Fig. 5.2), with higher concentrations during glacial 

episodes. The range of Fe concentrations observed down all three cores is significant. 

For example, in core MD96-2087, Fe concentrations vary from ~ 10 to 25%. In these 

cores, the marked increase of Fe concentrations, from the surface to levels 
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corresponding to the last glacial period, is not the expected pattern of a typical early 

diagenetic zonation. In such sediments, underlying a high-productivity area, the 

amount of reducible Fe within the sediments would be expected to be very low as a 

consequence of the reduction of Fe-oxyhydroxides below the present-day 

oxic/suboxic boundary (see Fig. 5.1). Several previous studies involving the 

extraction of Fe-oxide solid-phase with different reducing reagents (e.g. Na-dithionite, 

ascorbate) have shown just such decreases of Fe concentration with depth (e.g. Haese 

et al., 1997, 2000). So, what causes the Fe enrichment observed here? We can 

imagine 2 possibilities, one less probable than the other. 

a) Iron sulfides could well be present in these anoxic sediments; but leaching 

with hydroxylamine hydrochloride solutions should not dissolve sulfides, so 

that should not result in the enrichments observed here. 

b) Iron present in our leachates may derive from reducible Fe-oxide material, 

which has not been subject to diagenetic remobilization within the sediment 

column. This suggests that relatively resilient, crystalline, Fe-oxide phases are 

the most likely source of Fe in these leachates. Iron oxides are reduced at 

different rates and to varying degrees depending on their crystalhnity (e.g. 

Haese et al., 2000). Due to higher specific areas, amorphous oxyhydroxides 

(e.g. Fe-coatings of foraminifers) are more easily reduced than well-

crystallized phases like goethite or hematite (e.g. Haese et al., 2000). We will 

show in Chapter 6 that wind-blown Namibian Fe-oxide crystalline phases are 

the most obvious source of the iron in our leachates from the northern Cape 

basin cores. 
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5.5 Conclusions 

The major (Ca, Al, Ba, Si, Ti, Fe, P, Mn) and trace element (e.g. Cu, Zn, Ni, Sr) 

composition of the Fe-Mn leachates from our Cape Basin sediment cores have been 

analysed in order to investigate the geochemical redox state of each core. As 

mentioned previously in Chapter 3, our results indicate that the leachates have 

incorporated, in addition to the Fe-Mn oxyhydroxide phase, a significant amount of 

biogenic (e.g. carbonates, biosilica?) and - but to a much lesser degree - terrigenous 

material. On average, the contribution of each phase in our leachates has been 

estimated to be: dissolved biogenic material (-75%), Fe-Mn oxyhydroxide fraction 

(-25%) and terrigenous component (<3%). Because of the very low Nd 

concentrations in both carbonates and opal, we are quite confident that incorporation 

of biogenic material should have no more than a minor effect on the Nd isotopic 

composition of the Fe-Mn leachates. Our data suggest that most of the Ca present in 

the leachate derives from the leaching of carbonates (up to 1% of the initial amount of 

CaCOs present in the core), which had not been removed during the first leach step 

with 10% acetic acid. 

The concentrations of redox-sensitive elements (e.g. Mn, P and Fe) in our 

leachates help us to determine the geochemical redox state of each of the studied 

cores. In core MD96-2085, our resolution appears to have encompassed the typical 

early diagenetic zonation from oxic to suboxic conditions. In particular, our data 

reveal the presence of both a subsurface Mn-rich horizon and an underlying peak in P 

concentrations, in the top first meter of the core, characteristic of the sub-oxic zone in 

the upper part of the sedimentary column. Such geochemical zonation is not seen in 

our northern Cape Basin cores. Beneath that highly productive up welling area, the 

oxic portion of the sedimentary column is probably concentrated into just the first few 

mm below the sediment/water interface. What is the case, however, is that in those 

cores from the northern Cape Basin, a strong increase in Fe concentrations in the 

leachates is observed during glacial episodes, which seems to reflect a higher flux of 

relatively resilient Fe-oxide (from the Namib Desert?) to the Cape Basin sediments. 
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Chapter 6 

Nd isotopes and rare earth elements (REE) in the 
dispersed Fe-Mn oxyHydroxide fractions: Behaviour 
of REE during early diagenesis, and ^continental' 
contamination 

6.1 Introduction 

The properties of Nd isotopes in the marine environment render them, potentially, 

as powerful tracers of the mixing processes between different water masses and of past 

deep-ocean circulation. Rutberg et al. (2000) have recently demonstrated how powerful 

the use of Nd isotopes in the Fe-Mn dispersed fraction of marine sediments may be for 

monitoring the influence of the deep Atlantic flow to the South Atlantic throughout the 

Late Quaternary. However, a wider application of Nd isotopes in the Fe-Mn 

component of marine sediments as paleoceanographic tracers is complicated by the 

evidence that: 

1) The REE composition of Fe-Mn oxide phases is sensitive to early diagenetic 

remobilization in marine sediments (e.g. Palmer and Elderfield, 1986; 

Dubinin, 1998). 

2) ~ 30% of the world's ocean receives a significant flux of wind-blown 

particles, a potentially rich source of aeolian Fe-oxides to the seafloor (e.g. 

Grousset et al., 1988). 

3) The isotopic composition of authigenic Fe-Mn oxides, which have 

precipitated from bottom seawater, can be also affected by the dissolved 

discharge of major rivers like the Congo (e.g. Claude-Ivanaj et al., 2001; 

Frank et al., 2001; Tachikawa et al., 2001). 
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Here, our aim is to investigate whether (and how) early diagenesis and 'continental' 

contamination can affect the seawater signal recorded by the dispersed Fe-Mn 

oxyhydroxide phases in marine sediments. In the previous chapter, we have seen that 

the studied section of core MD96-2085, in the central Cape Basin, exhibits a 

geochemical zonation typical of early diagenesis. This makes MD96-2085 particularly 

suitable for a study of the effect of diagenesis on the SNd composition of the leachates. 

To achieve this, the rare earth elements (REE), as a whole, will also be considered here. 

The REE, from lanthanum (La) to lutetium (Lu) and including Nd, comprise an 

extremely coherent group, which only exhibit subtle fractionations in the marine 

environment resulting from their progressively decreasing ionic radii at increasing 

atomic number (e.g. Elderfield, 1988). As a consequence, the REE can provide unique 

insights into biogeochemical processes in the ocean and marine sediments (e.g. early 

diagenesis). 

In addition, it has been seen in Chapter 4 that the flux of wind-blown Namibian 

dust to the northern Cape Basin sediments increased significantly during past glacial 

episodes. This Namibian dust potentially contains Fe-oxide material which is 

reducible by hydroxylamine hydrochloride solutions and, therefore, may represent a 

significant source of Fe-oxides to southeast Atlantic sediments (especially to those 

from the northern Cape Basin area), during glacial periods. Our Nd isotopic data, 

measured in the detrital fractions of our sediments, have also revealed that the 

influence of southern-ocean water masses also increased in the glacial southeast 

Atlantic area. However, because both southern water masses and Namibian dust 

exhibit similar SNd signatures (~ -8), the use of '"^^Nd/ ratios, alone, is of little 

help in determining the origin of any Fe-Mn oxyhydroxides in our northern Cape 

Basin sediments, vital to addressing the issue of aeolian contamination in our Fe-Mn 

fractions. Here, therefore, the REE are used as an additional tool to constrain the 

source of Nd in the Fe-Mn component of our sediments. 

Finally, we reported earlier (Chapter 3) that the Nd isotopic composition of the 

Fe-Mn component from core MD96-2091, in the Angola Basin, departed significantly 

from the expected seawater signature toward Congo River-like values. In the light of 
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recent studies on Fe-Mn crusts from the equatorial Atlantic Ocean, which reported 

similar 'anomalous' SNd values (Claude-Ivanaj et al., 2001; Frank et al., 2001), this led 

us to suggest that the SNd composition of the Fe-Mn component of MD96-2091 

sediments could be influenced by Congo River discharge. Here, the REE composition 

of these Fe-Mn leachates are used to further indicate that the discharge of dissolved 

Nd (or Nd-bearing Fe-Mn oxyhydroxides) by the Congo River influences the Nd 

isotopic composition of the Fe-Mn component of core MD96-2091 sediments. 

Before examining the REE distributions in the SE Atlantic cores in detail, it is 

important, first, to present an overview of the behaviour of the REE in the marine 

environment. In particular, before interpreting our results, it is essential to understand 

what the main processes are that confrol REE fractionation in marine Fe-Mn oxide 

deposits. Subsequently, the behaviour of the REE during early diagenesis is 

investigated, using core MD96-2085 as a case study to show that REE distributions in 

Fe-Mn oxyhydroxide fractions are controlled by early diagenetic processes and affect 

the Nd isotopic composition of those Fe-Mn oxyhydroxide phases. Afterwards, it will 

be shown that the composition of the Fe-Mn component of sediments from the northern 

Cape Basin and Angola Basin are influenced strongly by 'continental' contamination 

from Namibian dusts and Congo River discharge, respectively. In Chapter 7, the 

implications of these results for the potential of Fe-Mn oxyhydroxide fractions to record 

paleoceanographic changes accurately will be assessed. 

6.2 Rare earth elements in the marine environment 

The global budget of REE in seawater is controlled primarily by continental inputs 

(mainly fluvial), although the different fluxes of REE to the ocean remain poorly 

constrained (e.g. Greaves et al., 1994; 1999; Albarede and Goldstein, 1997; 

Tachikawa et al., 1999; Amakawa et al., 2000). The REE comprise an extremely 

coherent group with a preferred trivalent oxidation state, with the exceptions of Ce 

and Eu, which can also exist in tetra- and di-valent oxidation states, respectively. 

Studies of the oceanic chemistry of the REE (Elderfield, 1988; De Baar et al., 1988; 

Elderfleld et al., 1990; German and Elderfield, 1990; German et al., 1990; Bertram 
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and Elderfield, 1993, Sholkovitz et al., 1994), modelling (Byrne and Kim, 1990, Lee 

and Byrne, 1992, 1993), and experimental work (Byrne and Kim, 1990, 

Koeppenkastrop and De Carlo, 1992, 1993, De Carlo et al., 1997) indicate that the 

marine'abundance of REE is regulated by scavenging processes which, principally, 

involve coatings of Fe-Mn oxides and/or organic matter on sinking particles. 

Typically, the REE (III) show nutrient-like profiles; concentrations increase 

progressively with depth, presumably due to the release of REE from the dissolution 

of settling particles, much like the case for dissolved silica (e.g. Elderfield and 

Greaves, 1981, Klinkhammer et al., 1983, De Baar et al., 1985, Piepgras and 

Jacobsen, 1992). In seawater, CO3" complexation is the primary process that 

controls the speciation of REE (e.g. Cantrell and Byrne, 1987, Lee and Byrne, 1993). 

Although REE abundances have been used to understand the mode of formation of 

Fe-Mn crusts, the measure of the extent of fractionation between the light (LREE), 

medium (MREE), and heavy (HREE) REE can be a more incisive tool for interpreting 

paleoceanographic conditions (De Carlo et al., 2000; and references therein). 

Fractionation of the REE during removal from seawater is influenced by both the 

seawater composition and by the abundance and nature of the scavenging particles 

(De Carlo et al, 2000; and references therein). Post-depositional remobilization of 

REE during diagenesis (e.g. Palmer, 1985, Dubinin, 1998, Elderfield et al., 1981) or 

phosphatization (e.g. Bau et al., 1996, Koschinsky et al., 1997) can also affect the 

primary shape of shale-normalized REE patterns in Fe-Mn materials. Below, we 

briefly review the main factors which may control REE fractionation in Fe-Mn oxide 

deposits. 

1) Nature of the scavenging phase. There is some evidence that the nature of the 

scavenging phase does not play a significant role in the REE fractionation within Fe-

Mn deposits. Experimental studies show that both iron (FeOOH) and manganese (5-

MnOi) oxides fractionate REE in a similar way during incorporation onto the particle 

surface, with the exception of Ce which is preferentially scavenged by MnOz during 

oxidation of Ce"' to Ce^ (e.g. Koeppenkastrop and De Carlo, 1992, De Carlo et al., 

1997, Ohta and Kawabe, 2001). 
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2) Seawater COl" concentration. Because carbonate complexes with HREE are more 

stable than with LREE (e.g. Cantrell and Byrne, 1987, Lee and Byrne, 1993, Bau, 

1999, Ohta and Kawabe, 2001), the removal of dissolved REE from seawater by 

particles Results in the typical HREE-enriched seawater pattern. This results, also, in a 

REE fractionation within the scavenging phase, which led De Carlo et al. (2000) to 

suggest that the CO3" content of Pacific deep-water could influence {e.g.) Sm/Yb 

ratios within Fe-Mn crusts. 

3) Nature of the water masses. Several studies have suggested that the distribution of 

the REE in seawater is strongly influenced by the lateral advection of water masses 

(e.g. Piepgras and Jacobsen, 1992, Bertram and Elderfleld, 1993, Moller et al., 1994, 

German et al., 1995, Zhang and Nozaki, 1996). For example, Zhang and Nozaki 

(1996) suggested that ratios between HREE in seawater (e.g. Ho/Dy) were controlled, 

principally, by lateral advection and, therefore, may be used as conservative tracers of 

water masses. This hypothesis is supported by Nd isotopic profiles of water columns 

from different ocean basins which correlate well with water mass features (e.g. 

Piepgras and Wasserburg, 1983, 1987, Piepgras and Jacobsen, 1992, Bertram and 

Elderfield, 1993, Jeandel, 1993). 

4) Post-depositional remobilization. The shape of the REE pattern that is acquired 

initially, during Fe-Mn oxyhydroxide precipitation from seawater, can be altered 

significantly during post-depositional events. This is the case for phosphatization 

processes in Fe-Mn crusts which lead to a strong enrichment of HREE over LREE 

(e.g. Bau et al., 1996, Koschinsky et al., 1997). However, little is known concerning 

the behaviour, during early diagenetic processes, of the REE associated with 

diagenetically-reactive phases within marine sediments (e.g. Fe-Mn oxyhydroxides). 

A few studies on the REE distribution in pore-waters, from shallow marine sediments 

only, have shown REE concentrations which are significantly higher than local 

bottom water, confirming that REE can be actively remobilized during early 

diagenetic processes (Elderfield and Shokolvitz, 1987, German and Elderfield, 1989, 

Sholkovitz et al., 1989, 1992). These authors showed that the development of 

reductive conditions in sediments is followed by fractionation of the REE, 

characterized by an enrichment of LREE over HREE in pore-waters. In addition. 

136 



Chapter 6. Nd isotopes and REE in the Fe-Mn oxide fractions 

there has been apparently only one single study dedicated to the evolution of REE 

patterns in Fe-Mn oxyhydroxides during active early diagenesis (Dubinin, 1998). 

Dubinin (1998) analyzed REE concentrations in the Fe-Mn oxyhydroxide component 

dispersed within Pacific pelagic sediments and confirmed that early diagenesis could 

induce fractionation between light and heavy REE. One of Dubinin's conclusions 

was that, under reducing conditions, HREE are more mobile than LREE and so tend 

to become concentrated within the diagenetic Fe-Mn oxide-rich horizon which forms 

at the oxic/sub-oxic boundary. In addition, both studies suggest that P, which is 

adsorbed onto iron hydroxides' in the upper sedimentary column, probably plays a 

specific role in the redistribution of REE in marine sediments. 

In this study, we present an evaluation of the influences of 1) early diagenetic 

processes, 2) 'contamination' by Aeolian particles, 3) 'contamination' by river 

discharge and 4) changes in seawater chemistry on the distribution of REE in Fe-Mn 

leachates from our southeast Atlantic sediment cores, in order to determine what, 

primarily, controls REE fractionation in the Fe-Mn oxyhydroxides from within these 

marine sediments. This is an essential first-step in determining the potential of Fe-Mn 

fractions in marine sediments as a useful tracer in paleoceanographic studies. 

6.3 Materials and methods 

Description of the studied sediment cores is given in section 5.3 and, in more 

detail, in Chapter 2. In order to evaluate the contribution of Namibian Fe-oxides to 

the Fe-Mn fraction from our northern Cape Basin sediments, additional sediments 

from both the Namib Desert (Walvis Bay sand, WB-1) and southern Namibia 

(Lunette soil/sands, NC96-1/2, -7/1 and -7/2) were analysed (see Fig. 2.2). Samples 

(WB-1 and NC96-1/2) are of Recent ± Holocene age, whereas NC96-7/1 and -7/2 

were collected from last glacial maximum soil horizons (J. Giraudeau, personal 

communication; M. Lawson, personal communication). The bulk dried Namibian 

sediments were treated directly with IM-hydroxylamine hydrochloride in 25% acetic 

acid solution according to the leach step described in Chapter 3. Due to the assumed 

low carbonate concentrations, these samples were not treated initially with 10% acetic 
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acid, prior the hydroxylamine hydrochloride leach. Thus, the leach solution for those 

samples may contain some dissolved carbonate material in addition to the leached Fe-

Mn oxides. 

The REE were analysed by ICPIŜ S (VG Plasmaquad 11+) with an internal precision 

better than 3% (2 s.e.) (Barrat and Nesbitt, 1996) and were corrected for oxide and 

hydroxide interferences (Barrat et al., 1996; see section 3.3). As described in section 

3.3, the Nd isotope ratios of the Fe-Mn leachates were determined by dynamic mode 

data collection on a TIMS (VG sector 54). Total blanks were less than 1 ng for Nd; this 

represents <0.1% of the mass of Nd in the measured fraction. 

6.4 Results 

6.4.1 Rare earth elements 

REE concentrations of the Fe-Mn leachates are listed in Table 6.1. These 

normalized values (see section 3.6.3) are corrected for dilution of the Fe-Mn fractions 

by both i) biogenic material and ii) detrital contamination. As demonstrated previously 

(section 3.6.3), the effect of contamination, which might be induced by any dissolution 

of the terrigenous component during leaching with hydroxylamine hydrochloride 

solutions, should only have a minor effect upon measured REE concentrations in these 

leachates. 

The shale-normalized (PAAS, Taylor and McLennan, 1985) REE patterns of our 

Fe-Mn fractions are shown in Fig. 6.1, for each of the studied cores. The Fe-Mn 

oxyhydroxide component within our studied sediments from the southeast Atlantic 

area can potentially derive from either: 1) authigenic precipitation from local bottom-

water, 2) contribution of sinking aeolian particles from the Namib Desert or, 3) 

diagenetic overprinting. Therefore, in Fig. 6.1, average REE patterns of Fe-Mn 

coatings of recent Atlantic forams (Palmer, 1985) and Fe-Mn oxide fractions of our 

Namibian samples have been plotted for comparison. 
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Table 6.1. REE and Y data of Fe-Mn leachates 

w \o 

Depth Age La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Eu/Eu* Dy/Ybw Ce/Ce* 
(cm) (kyr) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

No r t he rn Cape B a s i n 

MD96-2087 (Location; 25° 36' S, 13° 23' E, depth = 1028m) 

5 6.3 291 343 49.4 208 35.7 7.9 41.2 6.7 38.4 9.6 26.2 3.51 23.4 3.38 490 0.95 0.99 0.49 

229 11.5 288 364 54.0 236 42.7 9.1 46.5 7.7 46.1 10.7 28.4 3.72 23.9 3.59 479 0.95 1.16 0.57 

603 23.6 212 311 44.1 192 35.6 7.2 38.1 6.3 3 5 1 7.7 20.0 2.65 16.6 2.34 337 0.91 1.27 0.72 

890 43.9 183 266 38.6 174 31.9 6.9 35.5 6.1 33.4 7.4 19.7 2.58 15.5 2.17 322 0.96 1.30 0.73 

999 - 138 218 29.5 134 2B2 5.2 28.1 4.8 258 5.5 14.6 2.04 12.1 1.72 227 0.91 1.28 0.80 
1201 - 156 239 33.0 149 27.0 5.3 29.7 5.4 29.7 6.6 17.2 2.37 14.2 2.01 261 0.87 1.26 0.77 

1250 - 182 267 40.2 167 33.7 6.5 35.1 6.0 33.0 6.9 18.3 2.42 13.8 1.94 291 0.89 1.44 0.72 

IWD96-2098 (Location; 25° 36' S, 12° 38' E, depth = 2910m) 

0 6.0 245 308 42.6 173 30.1 7.6 37.1 6.2 37.5 8.3 24.2 3.33 21.1 3.23 405 1.04 1.07 0.51 

25 7.0 221 276 40.3 163 29.9 7.2 35.3 6.0 35.6 8.3 24.2 3.18 20.1 3.06 401 1.02 1.07 0 ^ 3 

0.55 110 11.4 275 349 50.6 210 37.7 9.2 44.2 7.5 45.8 10.2 29.0 3.78 24.0 3.71 466 1.04 1.15 

0 ^ 3 

0.55 

171 14.4 233 284 43.1 196 35:5 7.8 41.7 6.7 38.2 8.4 22.7 2.89 18.5 2.73 350 0.94 1.25 0.57 

201 16.0 2S7 306 47.4 212 3 8 3 8.2 43.1 7.0 40.0 8.3 22.4 2.85 17.2 2.56 371 0.94 1.40 0 5 4 

231 1f.6 191 266 36:8 157 28.6 5.8 316 5.2 28.9 6.0 16.2 2.03 12.7. 1,93 262 0.91 1.38 0.64 

MD96-2086 (Location; 25° 49' S, 12° 8' E, depth = 3606m) 

46 0.4 180 228 36.0 156 31.1 8.5 38.7 6.7 35.5 7.7 20.3 2.97 18.2 3.26 0 - 1.13 1.18 0.60 

86 7.5 246 329 51.4 227 46.0 11.5 53.6 8.6 50.2 10.3 29.9 4.01 24.8 3.86 416 1.07 1.22 0.66 

121 10.6 273 387 56.7 250 49.4 11.5 55.3 8.5 48.3 9.6 26.6 3.50 21.0 3.19 389 1.03 1.38 0.70 

161 15.2 209 354 47.7 213 42.7 9.1 48.3 7.7 41.5 8.2 22.6 2.82 18.4 2.59 271 0.93 1.36 0.89 
469 48.3 227 300 47.7 205 39.4 9.2 46.7 7.8 40.4 9.0 23.4 2.95 17.0 2.64 351 1.00 1.43 0.64 

609 62.2 207 319 47,6 19Q 35.3 7.9 37.6 6.6 32.3 6.7 16.9 2.14 12,8 1.73 236 1.02 1,52 0.76 

748 81.7 319 475 70.3 312 61.5 13.6 66.7 11.1 59.1 12.9 32.0 4.03 24.8 3.45 455 0.99 1.43 0.76 

962 122.0 219 281 49.8 215 42.3 9.6 48.1 8.1 45.5 10.7 28.2 3.78 22.7 3.49 397 0.99 1.21 0.66 
1009 126.1 336 458 75.9 357 70.6 16.1 80.3 13.4 74.5 16.7 44.3 5.48 34.2 5.11 601 0.99 1.31 0.74 

1048 129.0 - - - - - - - - - - - - - - - - - -

1072 131.0 281 368 60.4 258 50:5 11.1 54:0 9.0 48.1 10.1 26.3 3.29 19.3 2.81 392 1.00 1.50 0.64 

1421 181.6 266 449 588 253 66.2 18.9 54,6 8.7 48.9 9.3 25.7 3,39 198 2.74 347 0.97 1.49 0 8 5 

1441 184.7 341 691 82.0 360 71.8 15.3 7 7 5 67.1 12.8 33.8 4,31 25.3 3.66 440 0.96 1.60 1.09 

1481 190.9 331 662 80.2 345 71.0 15.5 73.0 11.8 64.6 12.4 33.1 4.40 26.7 3.80 396 1,01 1.46 1.07 

1516 195.5 397 563 90.4 406 82.1 18.5 90.5 14.2 81.4 16.6 44.5 5.78 35.0 5.43 612 1.00 1.40 0.75 
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Table 6.1. (Continued) 
Depth A g e La Ce Pr Nd 

(cm) (kyr) (ppm) (ppm) (ppm) (ppm) 

S m Eu Gd Tb Dy Ho 

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

Er 

(ppm) 

T m 

(ppm) 

Yb 

(ppm) 

Lu 

(ppm) 

Y Eu/Eu* Dy/YbN Ce/Ce' 

(ppm) -

C e n t r a l C a p e B a s i n 

MD96-2085 (Locat ion; 29° 42' S, 12° 56' E, depth = 3001m) 

0 0.5 178 499 32.9 142 26.8 6.2 34.0 5.7 31.7 7.4 21.4 2.74 17.0 2 .79 336 

20 3.8 192 453 37.2 160 31.5 7.2 38.9 6.5 35.7 8.5 24.4 3.12 19.3 3.26 376 

50 8.4 243 474 50.6 226 46 .3 10.9 50.2 8.7 50.2 11.2 31.2 4 .59 27.0 4.39 480 

60 10.0 254 361 52.8 242 49.9 11.4 55.3 9.2 52.9 12.3 33.1 4 .68 27.1 4.34 510 

0.95 

0.95 

1 . 0 6 

1.01 

REE concentrations of the Fe-Mn leachates from our studied sediments were normalized according to the normalization 

approach which is described in Chapter 3. Normalized values of marine sediments were corrected from both dilution by 

Ca and detrital contamination. 

1.12 

1 .11 

1 . 1 2 

1.17 

1.25 

1.08 

0 .97 

0.72 

80 13.1 271 287 58.2 267 55 ,4 12.6 62,2 1Q.5 61.1 13.8 37.8 5,18 31.3 4 ,84 566 1.00 1.18 0 .54 

90 14.6 352 392 73.6 345 70.3 16.5 82.3 1 3 9 80 :0 18.5 48.2 6.40 38.4 5 ,72 735 1,01 1.26 Q.sy-

110 18.8 3 2 1 380 65.2 309 62 .3 14.5 74.5 12.1 69.1 16,0 41 .8 5.17 31.3 4 .78 638 0 .99 1.33 0 .60 

A n g o l a B a s i n 

MD96-2091 (Locat ion: 14° 53' S, 10° 23' E, depth = 3569m) 

21 7 .2 454 1055 105.6 434 72.6 15.0 69.6 9.5 50.1 9,5 24.6 3.21 19.9 2.95 318 0.99 1.51 
* 

i ; i 7 

611 117.7 554 1335 135.5 564 98.1 20.8 97.1 13.6 74.1 14.4 37.2 4.94 30.3 4.52 465 1.00 1.47 1.27 

641 122.0 532 1229 128.9 528 89.1 17.8 84.9 11.8 62.3 12.0 30.9 3.92 24.0 3.52 393 0.96 1.56 1.19 
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661 131.7 197 588 43.6- 176 30.7 6,0 25,1 4 .2 22 .5 4.3 11.3 1 .44 8 7 1.26 144 1.01 i.ae 1.29 

681 141.3 2 7 3 757 60 .8 258 47.1 9,3 38.6 6 .3 34 .1 6 . 3 16.6 2 .14 13.1 2.0% 2 0 7 1.09 1.57 1.39 

701 161,0 274 763 61 .6 257 49 .0 9,6 38.6 6.6 36.4 6 .7 18.2 2 .15 13.9 2.22 213 1.04 1.57 1.39 

N a m l b i a n d u s t 

W B - 1 Hoi 285 454 66.2 308 64.8 9.5 69,0 9.8 53.6 10.2 27.9 3.2 21.7 3.37 335 0.61 1.54 0.77 

NC96/1 /2 Hoi 160 321 36.4 153 31.0 6,5 34.3 5.3 26.2 4 .9 13.3 1.4 10.4 1.26 146 0.63 1.42 0.81 

NC96/7/1 L G M 277 442 60.9 259 48.8 7,8 57.2 7.3 32.0 6.5 16.5 1.8 14.0 2 .03 187 0.84 1.56 1.02 

NC96/7 /2 L G M 124 254 28.7 112 21.0 4,0 24.6 2.8 14.5 3.0 6.4 1.0 6.4 0.74 76 0.74 1.41 1.06 

M o d e r n A t l a n t i c f o r a m s ( P a l m e r , 1 9 8 5 ) 

average 'Fe-Mn 471 607 - 476 

coat ings 

105 25.8 118 - 104 - 45.2 45.0 0.59 1.39 1.08 

T h e o r l t l c a l M n - c r u s t p r e c i p i t a t i n g f r o m C D W ( B a u e t at. , 1 9 9 6 ; G e r m a n e t a l . , 1 9 9 5 ) 

164 1368 - 214 40.6 10.9 51.4 - 49.0 - 30.9 - 27.3 3.46 1.08 1.1 
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Fig. 6.1. Shale-normalized REE patterns of our Fe-Mn leachates corrected from 
dilution and detritai contamination (see text). Average patterns of the Fe-oxide 
component of Namibian dust samples (our study) and Fe-Mn coatings of Recent 
Atlantic forams (Palmer, 1985) are shown for comparison. 
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The REE pattern of the Fe-Mn component of Namibian sediments is 

distinguishable from that of Fe-Mn foram coatings by: 

1) lower REE contents, 

2) absence of any significant Ce-anomaly (average Ce/Ce* ~ 0.92; for Fe-Mn 

foram coatings: Ce/Ce* = O.A - with Ce* = (2.LaN + Nd^)/]), 

3) negative Eu-anomaly (average Eu/Eu* ~ 0.7; for Fe-Mn foram coatings: 

Eu/Eu* = ~ 1.08 - with Eu* = (Sm^ + GdN)/2;), 

4) a strong HREE depletion relative to the MREE (e.g. Dy/Ybn = 1.48; for Fe-

Mn foram coatings: Dy/YbN = ~ 1.33). 

In Fig. 6.1, most of the Fe-Mn fractions of our marine sediments exhibit a typical 

concave-like shale-normalized REE pattern with an enrichment of MREE relative to 

LREE and HREE. Below, the main REE characteristics of the Fe-Mn component 

from Cape Basin sediments are described (Fig. 6.1). REE patterns of the leachates 

from the Angola Basin (core MD96-2091) will be discussed later (section 6.5.3), 

specifically. 

Central Cape basin core (MD96-2085) 

It has been seen previously that the top first meter of core MD96-2085 exhibits a 

geochemical zonation typical of early diagenesis. In this core, REE abundances in the 

Fe-Mn fractions increase progressively with depth (see Table 6.1). It can be observed 

from Fig. 6.1 that the Fe-Mn fractions from the P-rich horizon (corresponding to the last 

glacial maximum, black circle symbols) have higher REE abundances than the most 

recent samples. In addition, we note that the two shallowest samples (0cm and 20cm) 

both display a positive Ce-anomaly. 

Northern Cape Basin cores (MD96-2087, -2098, -2086) 

REE abundances of the Fe-Mn fractions leached from the northern Cape Basin 

sediments are often higher in interglacials than during glacial episodes (Fig. 6.1). This 

is the opposite of what was observed in core MD96-2085. In particular, it can be 

observed that the Fe-Mn fractions from glacial intervals, here (solid circles), are 

characterized by a much stronger depletion of HREE relative to MREE (e.g. Dy/YbN -

Table 6.1) than during interglacials (open circles) from the same cores. Another general 

feature is that Eu/Sm ratios from the glacial periods are systematically lower than those 
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from interglacials (Fig. 6.1). This is particularly the case for Fe-Mn leachates from core 

MD96-2098, which are characterized by lower Eu/Eu* ratios during glacial periods 

than warm interglacials (Table 6.1). Ce/Ce* ratios also exhibit an interglacial-glacial 

cyclicity with values usually higher during glacial periods. This is particularly apparent 

in core MD96-2086 samples (Table 6.1). 

In summary, there are four parameters which appear to vary among the REE 

patterns of Fe-Mn fractions, significantly: 1) REE abundance, 2) the depletion of 

HREE relative to MREE (e.g. Dy/Yb^), 3) the size of the Eu-anomaly (Eu/Eu*) and 

4) the size of the Ce-anomaly (Ce/Ce*). In the discussion, later, these parameters will 

be used to characterize the effects of both diagenesis and continental contamination 

on the isotopic composition of our Fe-Mn fractions. 

6.4.2 Nd isotopes 

The Nd isotopic compositions of the Fe-Mn leachates for all our studied cores are 

listed in Table 6.2 and plotted against core depths in Fig. 6.2. These values are 

corrected for detrital contamination (section 3.6) but, as can be observed in Table 6.2, 

this correction only has a negligible influence on the Sjsjd values of the Fe-Mn 

fractions. 

As with the detrital fractions (Chapter 4), the snci values of the leachates follow the 

climatic signal (S'̂ O or reflectance) remarkably closely in all five cores (Fig. 6.2). In 

particular, it is most striking in core MD96-2086 where climatic cycling of SNd is 

observed over the last 7 isotopic stages, corresponding to a record extending back 

200,000 years. In the Cape Basin, the shallowest samples in all four cores, from the 

Late Holocene, exhibit uniform values around SNd = —12. SNd values increase 

significantly, down-core, toward more radiogenic values (sNd = ~ -8) at depths which 

correspond to the last glacial maximum and (in core MD96-2086 only) additional, 

earlier, glacial periods. 
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Table 6.2 Nd isotope data of Fe-Mn leachates 

Depth in core Age isotopic '"'•'Ml ^̂ Nd 2 S.e. N̂d 
a 

N̂d corrected 

(cm) (kyr) stage 

Northern Cape Basin ) 

MD96-2087 (Location: 25° 36' S, 13° 23' E, tepth = 1028m) 

5 6.3 Hoi 0.512013 4 -12.15 ±0.08 -12.15 
229 11.5 Hoi / LGM 0.512097 19 -10.51 ±0.37 -10.50 
603 ZKB Lcm 0.512194 4 -8.62 ±0.08 -8.60 
890 43.9 3 0.512167 5 -9.15 ±0.10 -9.14 
999 - - 0.512215 5 -8.21 ±0.10 -8.20 
1201 - - 0.512222 9 -8.08 ±0.18 -8.06 
1250 - - 0.512163 4 -9.23 ± 0.08 -9.68 

M096-2098 (Location: 25° 36' S, 12° 38' E, depth = 2910m) 

0 6.0 Hoi 0.512013 5 -12.15 ±0.10 -12.14 
25 7.0 Hoi 0.512002 24 -12.37 ± 0.47 -12.36 
110 11.4 Hoi / LGM 0.512037 15 -11.68 ±0.29 -11.68 
171 14.4 LGM 0 512102 5 -10.42 ± 0.10 -10.41 
201 16,0 LGM 0 512158 4 -9.32 ± 0.08 -9.31 
231 17.6 LGM 0 512200 6 -8.51 ±.0.12 - 8 . # 

M096-2086 (Location: 25° 49' S, 12° 8' E, depth = 3606m) 

46 0.4 Hoi 0.512038 23 -11.67 ± 0.45 -11.66 
86 7.5 Hoi 0.512094 18 -10.57 ± 0.35 -10.55 
121 10.6 Hoi / LGM 0.512184 4 -8.82 ± 0.08 -8.79 
161 15.2 LGM 0.512240 9 -7.72 ± 0.18 -7.63 
469 48.3 3 0.512125 4 -9.37 ± 0.08 -9.96 
609 62.2 4 0.512200 4 -8.51 ± 0.08 -8.50 
748 81.7 5 0.512098 4 -10.49 ± 0.08 -10.49 
962 1ZLQ 5.5 0.512069 6 -11.0 6 ± 0.12 -11.05 
1009 126.1 5/6 0:512108 4 -10.30 ± 0.08 -1030 
1048 129.0 6 - - -

1072 131.Q 6 0.512239 6 -7.74 ± 0.12 -7.74 
1421 181.6 6 0 512230 5 -7.92 ± 0.10 -7.90 
1441 1847 6/7 0.512178 4 -8.97 ± 0.08 -8.96 
1481 190.9 7 0.512106 5 -10.34 ± 0.10 -10.34 
1516 195.5 7 0.512071 4 -11.02 ± 0.08 -11.02 

Central Cape Basin 
MD96-2085 (Location: 29° 42' S, 12° 56' E, depth = 3001m) 

0 0.5 Hoi 0.512072 12 -11 ± 0.23 -11.00 
20 3.8 Hoi 0.512110 5 -10.26 ± 0.10 -10.25 
50 8.4 Hoi 0.512104 5 -10.38 ± 0.10 -10.37 
60 10.0 Hoi 0.512148 8 -9.52 ± 0.16 -9.51 
80 13.1 LGM 0.512094 5 -10.57 ±0.10 -

90 14.6 LGM 0 512170 5 -9.09 ± 0.10 -9.08 
110 18.8 LGM 0 512208 4 -8.35 ± 0.08 -8.34 
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Table 6.2 (Continued) 

Depth in core Age Isotopic ^«Nd/ " " N d 2 s.e. SNd ^Nd corrected 

(cm) (kyr) stage 

Angola Basin 1 
M096-2091 (Location; 14° 53' S, 10° 23 ' E, (felDth = 3569m) 

2 1.6 Hoi 

21 7.2 Hoi 

41 9.6 Hoi 0.511672 5 -18.80 ± 0.10 

6 1 12.0 Hoi / LGM 0 .511765 4 -16.99 ± 0.08 

8 1 15.5 t G M 0 ,511845 4 -15 .43 ± 8 .08 

121 2 4 . 7 L G M / 3 0 . 5 1 1 8 7 8 5 -14 .79 ± 0 .10 

3 2 1 r 65.0 4 0 5 1 1 8 7 8 4 -14 .79 ± 0 0 8 

341 68.8 4 0 511830 4 -15 .72 ± 0 08 

361 72.5 4/5 u.o M /aO 5 -17.28 ± 0.10 

381 76.3 5 0.511727 5 -17.73 ± 0.10 

511 105.0 5 0.511603 3 -20.15 + 0.06 

611 117.7 5 - - - -

641 122.0 5.5 - - - -

651 126.8 5 - - - -

6 6 1 131 .7 6 • - - -

681 141.3 6 - - - -

?Q1 151.0 6 - - - -

761 166.0 6 0 .511889 5 - 14 .57 ± 0.10 

961 219.5 7 0.511773 4 -16.83 ± 0.08 

1041 253.0 8 0.511740 t s - 17 .48 + 0.29 -

1082 263.0 8 0.511897 4 - 14 .42 ± 0.08 

1141 296.3 8 0 .511748 4 -17 .32 ± 0.08 

1161 303.6 8/9 0.511766 18 -16 .58 + 0 .35 

1201 320.2 9 0.511676 4 -18.73 ± 0.08 

a - ENd values ot the Fe-Mn leachates were corrected from the detrital contamination 
induced during leaching with hydroxylamine hydrochloride solutions (see sections 3.6.3 and 5.4.1) 
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Fig. 6.2 Nd isotopic composition (snJ of Fe-iVIn leacliates and S"0 
record versus age. Nd isotope data follow the climatic signal, with 
leachates showing a trend toward more radiogenic values in glacial 
versus interglacial periods. Note that the Fe-Mn fractions from the 
Angola Basin core (MD96-2091) are very unradiogenic ~ -20 to -14). 

148 



Chapter 6. Nd isotopes and REE in the Fe-Mn oxide fractions 

Interestingly, as already mentioned in Chapter 3, the Fe-Mn fractions from the 

Angola Basin core (MD96-2091) are very unradiogenic (sNd = ~ -20 to 14) and, 

comparatively, much lower than both the Cape Basin leachates and the typical sm 

signature of NADW in the South Atlantic (~ -12). This must highlight, presumably, 

the effect of 'continental' contamination on the Nd isotopic composition of marine 

Fe-Mn oxyhydroxides. This is discussed later (section 6.5.3). In this core, SNd values 

exhibit a strong interglacial/glacial cyclicity over the last 300 kyrs, with more 

radiogenic values (~ -14) encountered during cold glacial episodes - a trend identical 

to that seen in (e.g.) core MD96-20^6. 

6.5 Discussion 

6.5.1 The behaviour of REE during early diagenesis (core 
MD96-2085) 

Here, the behaviour of REE during early diagenesis is investigated using core 

MD96-2085 as a case study. The aim is to evaluate the potential impact of early 

diagenesis upon the 'pristine', seawater-like, Nd isotopic composition of the authigenic 

Fe-Mn component in marine sediments. The implications of this study upon the 

potential use of Fe-Mn oxyhydroxides in paleoceanographic investigations will be 

discussed separately, in Chapter 7. 

6.5.1.1 Distributions of the REE 

It has been seen in Chapter 5 that, among all the studied cores, MD96-2085 is the 

most appropriate for any study of the behaviour of the REE during early diagenesis. 

In this core, the relationships between REE contents and major element (Fe,Mn,P) 

concentrations in the Fe-Mn leachates may place some constraints on the behaviour of 

REE during early diagenesis. In Fig. 6.3, concentration profiles for all the REE are 

plotted vs. depth, together with major element concentrations of Mn, P and Fe. As 

discussed in Chapter 5, the underside of the reprecipitated horizon of Mn-oxides 

(below 60cm) corresponds to the oxic/suboxic boundary in core MD96-2085. 
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The peak of P concentrations (at 90cm-depth) also represents a diagenetic horizon 

around the oxic/suboxic boundary. Diagenetic P-rich horizons are commonly found 

in marine sediments and are usually associated with peak of Fe-oxides (e.g. Thomson 

et al., 1993; Dubinin, 1998). In core MD96-2085, Fe concentrations in the Fe-Mn 

leachates are relatively constant (~""10%) throughout the core, suggesting that Fe-

oxyhydroxides are not currently reduced within the studied horizon of core MD96-

2085 - i.e. strong suboxic/anoxic reducing conditions are only encountered deeper 

than the section studied. Therefore, here, we investigate the behaviour of the REE 

associated with Fe-Mn oxyhydroxides in sediments under oxic ± suboxic conditions. 

• REE(III). In Fig. 6.3, the concentrations of all REE (except Ce) increase 

gradually with depth down to the active oxic/suboxic boundary. This is very similar 

to the P concentration profile and, by analogy, suggests that phosphatic material must 

be the main phase governing REE (III) distributions in the Fe-Mn oxyhydroxide 

fraction. These REE concentration profiles differ from those of Dubinin's (1998), 

which show REE enrichment in all Mn-, Fe- and P- rich horizons. 

By studying the geochemical composition of pelagic sediments from the Pacific 

Ocean, Elderfield et al. (1981) have already suggested that the main REE-carrier 

phase in sediments was phosphatic. In core MD96-2085, the P-rich horizon, which 

can be observed between 50cm - 90cm, does not coincide with a peak of Fe 

concentrations, which, if one exists, should be located deeper in the core (e.g. Froelich 

et al., 1979; Thomson et al., 1993 - Fig. 6.3). This suggests that, here, P has been 

adsorbed onto pre-existing Fe-oxyhydroxides. Most of the phosphate deposited at the 

sediment-water interface is generally associated with organic matter and, to a lesser 

degree, with bony apatite and the detrital fraction (e.g. Slomp et al., 1996). 

Decomposition of organic matter in the oxidized surface layer releases a large 

proportion of organic P in the pore-waters (e.g. Slomp et al., 1996). Below the 

oxic/suboxic boundary, under reducing conditions, desorption from iron oxides, 

dissolution of fish debris, and decomposition of organic matter that has not been frilly 

decomposed in the oxic zone all contribute to the enrichment of the HPO l" 

concentrations of pore-waters (Schenau et al., 2000, and references therein), which 

typically show a significant increase with depth. Dissolved HPO J" in pore-waters 
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then migrate upwards until oxic conditions are encountered, and are subsequently 

adsorbed onto Fe-oxyhydroxides (e.g Sundby et al., 1992, Slomp and van Raaphorst, 

1993, Slomp et al., 1996). Alternatively, when HPO4" concentrations in pore-waters 

are high enough, authigenic mineral precipitation (e.g. authigenic carbonate 

fluorapatite - CFA) can occur (e.g. van Cappellen and Bemer, 1988). For the case of 

core MD96-2085, the reprecipitated horizon of?, close to the oxic/suboxic boundary, 

likely results from the adsorption of upward-migrated P. Slomp and van Raaphorst 

(1993) showed that adsorption of P in the oxic layer of marine sediments increased 

with increasing P concentrations in pore-waters. Using their data, we calculate that 

Fe-oxyhydroxides in the oxic layer of their sediments could contain up to 0.4% 

adsorbed P, a value that is smaller then, but of the same order of magnitude as our 

measured P concentrations. 

What is the source of the REE associated with P in the oxic/suboxic zone? The 

similarity between REE and P concentration profiles at the oxic/suboxic boundary 

suggests that the REE in these Fe-Mn leachates derives mainly, like P, from either 

reduction of Fe-oxides, deeper in core MD96-2085, and/or decomposition of organic 

material. This is supported further by geochemical studies of pore-waters in anoxic 

sediments which have shown that REE and PO4 concentration profiles are very 

similar (Elderfield and Sholkovitz, 1987, Sholkovitz and Elderfield, 1988). For 

example, pore-water profiles from Buzzards Bay sediments for Fê "̂ , Mn̂ "̂ , S04 '̂, 

P04 '̂ and two REE, Dy and Yb (Elderfield et Sholkovitz, 1987) are plotted in Fig. 

6.4. REE and PO4 increase gradually with depth in both Fe-Mn oxide and sulfate (i.e. 

organic matter) reduction zones. Because the association of the REE with organic 

compounds has been evidenced in several studies (e.g. Viers et al., 1997, Dia et al., 

2000), these observations suggest that the decomposition of organic matter during 

early diagenesis may play a predominant role in the REE enrichment of pore-waters. 

• Ce. Contrary to the other REE(III), the concentration profile of Ce is similar 

to that of Fe with higher concentrations occurring in the top 50 cm and the bottom 20 

cm of the core (Fig. 6.3). In Fig. 6.5, Ce/Ce* and Eu/Eu* ratios are plotted vs. depth 

together with SNd and concentrations of Fe, Mn and P in the Fe-Mn leachates. 
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Fig. 6.3. REE concentration profiles in the Fe-iVIn fractions (core MD96-2085). 
Fe, Mn and P concentration profiles are also shown for comparison. 
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Fig. 6.4. Pore water data in Buzzards Bay sediments (Elderfield and Sholkovitz, 1987). 
The strong REE enrichment in the pore-waters below 20 cm is related to the sulfate 
reduction under anoxic conditions which release phosphate in pore-waters. In the 
suboxic zone, as illustrated by DyA'b ,̂ ratios, MREE (Dy) are progressively enriched 
with depth relative to HREE (Yb) 
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Although all REE can exist in the 3+ oxidation state, Ce and Eu can also exist in the 

4+ and 2+ states, respectively (e.g. Elderfield, 1988). In particular, Ce can be 

involved in redox processes which occur in the marine/sedimentary environment. 

Indeed, under typical oxidizing conditions, Ce is oxidized to a Ce (IV)-oxide phase 

(e.g. Goldberg et al., 1963), and Because the redox potential for Ce oxidation is 

similar to that for Mn (e.g. De Baar et al., 1988), Ce (IV) is usually found in 

association with Mn in marine sediments (e.g. Elderfield and Sholkovitz, 1987, 

Dubinin, 1998). This is also clear in Fig. 6.5 where the profile for the Ce-anomaly 

mimics the Mn concentration profile, with positive values (Ce/Ce* > 1 ) found in 

association with the highest Mn contents. This can be also observed in Fe-Mn 

leachates from northwestern Pacific sediments (Dubinin, 1998). 

• Eu. Down-core, Eu/Eu* ratios are rather constant but exhibit a slight peak 

(1.06) at 50 cm-depth. MacRae et al. (1992) have suggested that the redox cycle of 

Eu could lead to the development of a positive Eu anomaly in Amazon Fan sediments 

under highly reducing conditions, at the oxic/suboxic boundary, due to a preferential 

mobility of Eû "̂  relative to its trivalent REE neighbours. However, Sveijensky 

(1984) and Brookins (1989) have both shown that at low temperatures, in the 

marine/sedimentary environment, Eu \̂aq) is not stable thereby precluding the 

occurrence of Eu-anomalies induced by redox processes. This is supported in core 

MD96-2085 by the evidence that the peak of Eu/Eu* is shallower than the present-day 

oxic/suboxic boundary, suggesting that the high Eu/Eu* ratio (1.06), at 50cm-depth, 

more likely reflects local variations in the source of REE to the Fe-Mn fraction rather 

than an early diagenetic feature. 

6.5.1.2 Fractionation of the REE during diagenesis 

It has just been seen that, in core MD96-2085, the redox cycling of Mn does not 

control the distribution of the trivalent REE. The REE(III) are not expected, 

therefore, to be fractionated by the presence of the reprecipitated Mn-oxide horizon. 

By contrast, the occurrence of a P-rich horizon, which governs the REE distribution in 

the Fe-Mn oxyhydroxide fractions, could fractionate the REE. In Fig. 6.5, the profile 

for the Dy/YbN ratio, which represents a measure of the fractionation between MREE 

and HREE, has been plotted. Down core in MD96-2085, Dy/YbN ratios increase from 
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50cm to the bottom of the studied section. The shape of this profile is very similar to 

that of SNd in the Fe-Mn leachates. The profile of Nd/Ybn ratios (i.e. a measure of the 

fractionation between LREE and HREE) shown for comparison exhibits a similar 

pattern (Fig. 6.5). What process can be responsible for this observed fractionation? 

To evaluate the extent of REE fractionation below and above the P-rich horizon, 

the REE data of the Fe-Mn fraction from the P-rich zone (90 cm) have been 

normalized to the Fe-Mn fraction from the suboxic zone (110 cm) (Fig. 6.6a). Also 

shown (Fig. 6.6b) is a normalized-REE pattern of [REE XS]N, defined as ([REEjgocm -

[REE]nocm)N- Although P is enriched by a factor of-1.7 at 90cm, Fe concentrations 

are similar at both 90 and 110cm (Table 5.1). In Fig. 6.6a, the slight increase of 

normalized values from La to Lu shows that HREE are more enriched in the P-rich 

zone compared to LREE and MREE. A similar pattern is also clearly observed in Fig. 

6.6b, leading to the same conclusion. Two alternate hypotheses could account for 

these observed patterns. In the first of these, REE fractionation can occur during the 

precipitation of the P-rich horizon. It has been reported that REE patterns of 

phosphorite deposits often exhibit an enrichment of HREE relative to the other REE 

(e.g. MacArthur and Walsh, 1985; Watkins et al., 1995), indicating that the HREE 

have a stronger affinity for P-rich minerals than LREE and MREE. The normalized 

patterns observed in Fig. 6.6 could reflect this higher affinity of the HREE for 

phosphatic material. This would be consistent with the work of Dubinin (1998) which 

suggests that HREE are more mobile than LREE and MREE under suboxic conditions 

and preferentially incorporated into P- and Fe- re-precipitated horizons, close to the 

oxic/suboxic boundary. An alternative hypothesis is that the HREE enrichments 

observed in Fig. 6.6 could be explained by a source effect rather than a fractionation 

effect. The seawater-like patterns (HREE enrichment and negative Ce-anomaly) of 

the normalised patterns could suggest that the REE associated with the P-rich horizon 

derive from pore-waters with a pronounced seawater-like REE signature, acquired 

during the dissolution of some phase characterized with a seawater-like REE pattern 

(e.g. organic material?). 
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Fig. 6.6. a) REE pattern of Fe-Mn fraction (90cm, P-rich zone) normalized to Fe-Mn fraction 
(110cm, suboxic zone), b) REE pattern of [REE xs] = [REE]go „̂ - [REEJî ô .̂ The enrichment 
of HREE relative to MREE can be explained by i) REE fractionation during adsorption of P and/or 
ii) a source effect (REE which are adsorbed with P onto pre-existing Fe-oxides derive from a 
seawater-like source). 
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To summarize, as previously inferred from REE studies of pore-waters (Elderfield 

and Shokolvitz, 1987, German and Elderfield, 1989, Sholkovitz et al., 1989, 1992) 

and the Fe-Mn fraction in marine sediments (Dubinin, 1998), our study supports the 

evidence that early diagenesis, and in particular the adsorption of P onto Fe-

oxyhydroxides, plays an important role in confrolling the distribution of REE in the 

Fe-Mn oxyhydroxide fraction of marine sediments. In the near-surface zone, the 

redox cycle of Mn leads to Ce enrichment (positive Ce-anomalies). In addition, our 

results suggest that below the oxic/suboxic boundary, HREE are more depleted 

relative to MREE and LREE and that the presence of a P-rich horizon fractionates the 

REE. The significance of these results for the potential of Fe-Mn oxyhydroxide 

fractions to record paleoceanographic changes accurately will be discussed later, in 

section 7.1. 

6.5.2 Contribution of wind-blown Fe-oxides to the northern 
Cape Basin cores 

The Namib Desert represents a major potential source of sediments to the 

southeast Atlantic area. Southeast trade winds, which blow along the Namibian 

shore, transport desert dusts over the subtropical South Atlantic (e.g. Bremner, 1978, 

Shi et al., 2001). It has been shown in Chapter 4 that, in the southeast Atlantic area, 

Namibian dust could represent up to 90% of the terrigenous component of Late 

Quaternary sediments. The Nd isotopic data for Cape Basin detrital fractions (see 

Chapter 4), together with pollen analyses (Shi et al., 2001) show that, during the Late 

Quaternary, southeast trade winds were intensified significantly during glacial 

periods. In particular, this is suggested by the high accumulation rates of Namibian 

dust occurring during glacial episodes (as calculated in Chapter 4). Sedimentation in 

the northern Cape Basin, located directly beneath the flow trajectory for the frade 

winds, was influenced more by fluctuations in wind strength than was sedimentation 

in the central Cape Basin area (see Chapter 4). Because Namibian dust contains an 

Fe-oxide component - 'desert varnish' - which is reducible by the hydroxylamine 

hydrochloride solutions used in our leach procedures (see Chapter 5), it may represent 

an important additional source for Fe-oxides, especially during glacial periods, to 

southeast Atlantic sediments and, in particular, to those from the northern Cape Basin 

area. 
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The Nd isotopic composition of Fe-Mn leachates in the northern Cape Basin 

sediments (MD96-2087, -2098 and -2086) varies from Sxd ~ -12 in the Holocene to 

SNd ~ -8 during the last glacial maximum (Fig. 6.2). These fluctuations could either 

reflect a change of the bottom-water mass during the last glacial (i.e. an increased 

influence of CDW in the Cape Basin - Rutberg et al., 2000, chapter 4), or, 

alternatively, a stronger contribution of wind-blown Fe-oxides from the Namib 

Desert. Because both CDW and Namib Desert particles exhibit similar ŝ d signatures 

(—8), the use of '̂̂ N̂d/ ratios, alone, is of little help in determining the exact 

origin of the Fe-Mn oxyhydroxide signature in our northern Cape Basin sediments. 

In order to distinguish whether southern water masses or wind-blown Fe-oxides 

are responsible for the observed isotopic variations in the Fe-Mn leachates of northern 

Cape Basin cores, therefore, we use the complementary REE distributions and, 

specifically, the three ratios that have been described previously (section 6.4.1 -

Eu/Eu*, Ce/Ce* and Dy/Ybn). For the Namibian dust Fe-oxide component, the 

values of these three ratios are obtained from direct measurement (Table 6.1) of 

specific samples from the Namib Desert (J. Giraudeau) and South Namibian soils (M. 

Lawson) (see Chapter 2). To evaluate the influence of CDW on our Fe-Mn oxide 

fractions, we have also calculated the REE concentrations for a theoretical crust, 

which would have precipitated from CDW directly (Table 6.1). These theoretical 

concentrations have been calculated as follows: 

[VkflFaWhc = (6 1) 

where [MJpeMnc is the average concentration of M in the theoritical hydrogenetic Fe-

Mn crust, K.^ is the apparent bulk partition coefficient for REE M (Ban et al., 1996), 

and [M]sw is the concentration of M in CDW (German et al., 1995). 

In Table 6.3, values of Eu/Eu*, Ce/Ce* and Dy/Ybx for the Namibian Fe-Mn 

component (our study), a Fe-Mn crust which would have directly precipitated from 

CDW (see before) and, recent Fe-Mn coatings of Atlantic forains which have 

precipitated from NADW (Palmer, 1985) are reported. Because the Eu/Eu*, Ce/Ce* 

and Dy/YbN values of the Namibian Fe-oxide fraction and the theoretical Fe-Mn crust 
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from CDW are quite distinct, they should allow us to deduce which of CDW or wind-

blown Fe-oxides caused the observed isotopic variations in the Fe-Mn leachates in the 

northern Cape Basin cores. In particular, the Eu anomaly for Namibian oxides is 

negative (Eu/Eu* < 1) whereas that of Fe-Mn minerals which precipitate from NADW 

and CDW should be slightly positive (Eu/Eu* ~ 1.10). It has been suggested that the 

redox cycle of Eu may lead to the development of a positive Eu anomaly at the 

oxic/suboxic boundary in reducing sediments (MacRae et al., 1992; section 6.5.1). 

However, the studied sections of all our northern Cape Basin cores are under strong 

reducing conditions and no oxic portion is encountered throughout the core! 

Therefore, here we assume that variations of Eu/Eu* ratios down-cores are not due to 

diagenetic remobilization. 

Table 6.3 Eu/Eu*, Ce/Ce* and Dy/YbN ratios 

Eu/Eu' Ce/Ce* Dy/YbN 

Namib Desert Fe-Mn component" 0 7 0 0.92 1.46 

Theoretical Fe-Mn crust (CDW)'' 1.10 (0.59)" 1.08 

Fe-Mn coatings of Atlantic forams (NADW)° 1.08 0 ^ 9 1.33 

a- our study 
b- calculated using seawater REE values (German et al., 1995) and partition coefficient seawater/Fe-Mn crust 

for REE (Bau et al., 1996) - see text 
c- Palmer (19B5) 
d- Value of Fe-Mn coatings of Atlantic forams 

In Fig. 6.7, down-core fluctuations of Eu/Eu*, Ce/Ce* and Dy/YbN are plotted vs. 

depth, together with depth profiles of the Nd isotopic composition (sNd) in Fe-Mn 

fractions. In this figure, hatched areas represent the range of Eu/Eu*, Ce/Ce* and 

Dy/YbN ratios that have been measured in the reducible Fe-oxide fractions in 

Namibian dust samples. Eu/Eu* ratios decrease from the Holocene (~ 1) to the last 

glacial maximum (~ 0.9) towards Namibian dust values. Down-core fluctuations of 

Dy/YbN and Ce/Ce* ratios mimic those of SNd values, trending toward values of 

Namibian dust leachates during glacial periods. This suggests that variations of both 

SNd and Dy/YbN are controlled by the same processes. Contrary to core MD96-2085, 

the variations of the three REE parameters in the northern Cape Basin cores are not 

likely to be due to early diagenetic processes (see Chapter 5). 
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Fig. 6.7. Depth-profiles of Eu/Eu*, Ce/Ce* and Dy/Vb^ in the Fe-Mn fractions 
of northern Cape Basin cores. Hatched areas represent the range of the values 
measured in the Fe-Mn leachates of Namibian dust samples. 
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Fig. 6.10 Relationship between Eu/Eu* ratios and % Fe in the Fe-Mn leachates. 
The range of values for the Fe-oxide component (Table 5.1 - * based on a free-
carbonate basis) is shown for comparison. The Eu/Eu* value of Fe-Mn coatings 
in modern Atlantic forams (NADW) and of theroritical Fe-Mn crust which would 
have precipitated from CDW (CDW, see section 6.5.2 for details) is also shown. 
The trend of northern Cape Basin Fe-Mn component from glacial periods towards 
Namib desert values suggest that the Fe-component of Cape Basin sediments 
derive from Namibian dust during glacial episodes. 
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In Fig. 6.8, Exi/Eu* ratios have been plotted against SNd values for all the Cape 

Basin cores. The 'end-member' values of Namibian dust, Fe-Mn coatings of Atlantic 

forams (NADW) and theoretical Fe-Mn crust from CDW (CDW) are also shown for 

comparison. Clearly, the REE and Nd isotope composition of Fe-Mn leachates from 

the northern Cape Basin sediments are influenced by Namibian dust during glacial 

episodes. In particular, all leachates from cores MD96-2087 and -2098, close to the 

Namibian coastline, plot between the end-members of Fe-Mn coatings of Atlantic 

forams (NADW) and the Fe-Mn component of Namibian dust, but plot away from the 

CDW-derived Fe-Mn crust end-member. This suggests that, in northern Cape Basin 

cores, the observed REE patterns likely reflect the flux of wind-blown Namibian 

particles rather than the deep-water changes in the Cape Basin. 

Similarly, in Fig. 6.9, Ce/Ce* versus Dy/Ybx ratios are plotted for all the Cape 

Basin core Fe-Mn leachates together with the end-member values (Table 6.3). In this 

figure, an increase of Ce/Ce* ratios can result from either diagenetic enrichment or 

addition of shale-like material (Namib Desert, Fig. 6.1 and Table 6.3). In Fig. 6.9, 

variations of Ce/Ce* and Dy/Yb^ ratios in the northern Cape Basin Fe-Mn leachates 

can be explained by a mixing between authigenic seawater-derived material (NADW 

- CDW) and Namibian Fe-oxides. In these Fe-Mn fractions, the shift of Eu/Eu*, 

Ce/Ce* and Dy/Yb^ ratios toward 'Namibian-like' values occurs from the Holocene 

to the last glacial maximum (and other glacials for MD96-2086): a period of enhanced 

wind activity (e.g. Chapter 4; Shi et al., 2001). This gives further support to the 

argument that the interglacial/glacial cyclicity of Eu/Eu*, Ce/Ce* and Dy/Yb^ ratios 

in the Fe-Mn leachates of northern Cape Basin sediments is strongly influenced by the 

flux of Namibian wind-blown particles to the sediments. As we have seen in section 

6.5.1, previously, the high Ce/Ce* values observed in Fig. 6.9 are likely due to 

diagenetic enrichment. In both Figs. 6.7 and 6.8, it appears that the Fe-Mn leachates 

of core MD96-2085 are not influenced by Namibian dust, even during glacial periods. 

This is consistent with our modelled accumulation rates of detrital material (Chapter 

4) which suggest that the flux of Namibian dust to the central Cape Basin has been 

relatively low throughout the Late Quaternary. 
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In Fig. 6.10, Eu/Eu* ratios are plotted vs. % Fe in the Fe-Mn leachates, together 

with values for the leachable Fe-oxide fraction of Namibian dusts (characterized by 

high Fe contents and low Eu/Eu*). The Fe-Mn leachates of northern Cape Basin 

sediments trend towards the Namibian Fe-oxide component during glacial episodes. 

This suggests that the flux of NamiKian Fe-oxides controls Fe concentration profiles 

that can be observed down the northern Cape Basin cores (Fig. 5.7). In Fig. 6.11, one 

further piece of evidence for the direct contribution of aeolian Fe-oxides to our 

northern Cape Basin sediments can be presented. Fig. 6.11a is a plot of the 

percentage (wt %) of leached Fe-Mn oxides (compared to bulk sediment) versus the 

wt % of terrigenous material from the Namib Desert (calculated from Table 4.3). Fig. 

6.11b is a plot of mass accumulation rates (MAR) of the Fe-Mn authigenic fraction 

versus MAR of Namibian terrigenous material in the northern Cape basin cores. 

These mass accumulation rates have been calculated using the procedure described in 

section 2.6. In both figures, a strong positive correlation is observed. This provides 

further support that wind-blown Namibian dust has contributed a significant fraction 

of leachable Fe-oxides to the northern Cape Basin throughout the Late Quaternary, 

especially during glacial episodes. It is interesting to note that these Namibian oxides 

appear to be refractory with respect to early diagenetic processes, even under the 

reducing conditions that are encountered here, in sediments from beneath the high 

productivity southeast Atlantic upwelling area (see Chapter 5). This suggests, 

therefore, that these Namibian Fe-oxides may be in the form of some 'desert varnish' 

which is composed of well-crystallized phases like goethite or hematite. 
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Fig. 6.11. a) Relationship between the percentage of Fe-Mn oxides leached 
by hydroxylamine hydrochloride solutions (data - Table 5.1) and the percentage 
of Namibian dust in the detritus (data - Table 4.3). b) Relationship between the 
mass accumulation rates (MAR) of leachable Fe-Mn oxides and MAR of Namibian 
dust. The very good positive correlations show that Fe-oxides in Cape Basin 
sediments derive from Namibian dust. 
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6,5.3 Imprint of Congo River water in Fe-Mn fractions from the 

As shown in Chapter 3, the Nd isotopic compositions of the Fe-Mn leachates from 

our Angola Basin core (MD96-2091) plot far from expected values for deep Atlantic 

waters in the Angola Basin, and closer toward Congo River-like values (Fig. 6.2). 

Previous studies have suggested that riverine discharge could influence the radiogenic 

isotopic composition of marine Fe-Mn deposits significantly. For example, Nd isotopic 

analysis of the leachable Fe-Mn oxide fraction of Mediterranean sediments shows that 

these fractions have incorporated some Nd deriving from the Nile River (Freydier et al., 

2001; Tachikawa et al., 2001). Similarly, Claude-Ivanaj et al. (2001) and Frank et al. 

(2001) have suggested that the Pb isotopic composition of Fe-Mn crusts from fracture 

zones in the equatorial Atlantic has been influenced by river discharge from both the 

Amazon and the Congo. In agreement with Frank et al.'s study, our results suggest that 

in core MD96-2091, Fe-Mn fractions are influenced markedly by Congo River 

discharge. Down-core variations of Nd isotopes in the leachates match the climate 

signal, perfectly, with more radiogenic values found in glacial samples (Fig. 6.2). Our 

Nd isotopic analyses of the detrital fractions from these sediments have shown that 

contributions from Congo River material have decreased while those from Namibian 

dust have increased, during glacial periods (see Table 4.1). So what is the origin of 

these Fe-Mn oxides with a Congo River-like isotopic signature? Have these oxides 

precipitated 'in-situ' from bottom seawater enriched in dissolved Nd by the Congo 

River discharge; or do they correspond to Fe-Mn coatings around clays transported by 

the Congo, which are subsequently incorporated into deep Angola Basin sediments? 

Below, we examine the REE patterns of these Fe-Mn leachates. 

Shale-normalized REE patterns of the Fe-Mn fractions leached from core MD96-

2091 are plotted in Fig. 6.12. Also shown are REE patterns for Namibian dust 

leachates, Fe-Mn coatings from recent Atlantic formaninifera (Pahner, 1985), and 

Congo River total suspended material (Congo River 64; Dupre et al., 1996). The latter 

have been multiplied by 12 because this value is, to a first approximation, the 

enrichment factor of the REE in the Fe-Mn oxyhyhydroxide fraction compared to the 

estimated bulk REE content in Angola Basin sediments. 
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Fig. 6.12. Shale-normalised REE patterns of core MD96-2091 leach ates (Angola Basin). 
Shaded areas represent the REE patterns of our leachates from interglacial and glacial 
periods. The REE pattern of Congo River suspended material (Congo 64 - Dupre et al., 
1996) has been multiplied by X12 to correct the effects of dilution from other phases 
e.g. carbonates, clays. 
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Therefore, by multiplying REE concentrations of Congo River total suspended material 

by this value, it is assumed that we obtain a reasonable estimate of REE concentrations 

in the Fe-Mn oxyhydroxide fraction of suspended Congo River material. In Fig. 6.12, 

both suspended Congo River material and Namibian dust leachates exhibit similar 

shale-normalised REE patterns but differ in their elemental abundances; with suspended 

river material (XI2) being enriched in REE by about one order of magnitude compared 

to Namibian dust. 

Similarly, the shape of REE patterns in the leachates of interglacial sediments do not 

differ considerably from that of glacial samples. ' The REE abundances of glacial 

samples, by contrast, are significantly lower than those of interglacial samples. Given 

that we already know that the input of dust to the Angola Basin increased during past 

glacial periods (Chapter 4), these data are consistent with the interpretation that REE 

input is dominated by a river-type source during interglacial periods and an aeolian 

source duimg glacials. However, with these results, one cannot infer the Fe-Mn 

fractions in core MD96-2091 sediments have precipitated in-situ from bottom-waters 

enriched in dissolved REE from the Congo River or whether, instead, this material 

derives directly from river-bome Fe-oxides. 

Finally, consider the SNd profile for core MD96-2091, in which more radiogenic values 

are observed during glacial periods. The REE data reported, above, support the 

hypothesis that the Nd isotopic signature of Fe-Mn oxyhydroxides in the Angola Basin 

sediments is controlled strongly by the relative influences of riverine vs. aeolian 

sources. Our study confirms the findings of previous studies that riverine discharge can 

influence the radiogenic isotopic composition of marine Fe-Mn deposits significantly. 

Additional REE and isotopic measurements of the Fe-Mn oxide fraction in Congo River 

mouth sediments will be needed to better quantify the contribution of riverine Fe-Mn 

oxides to marine sediments. 

6.6 Conclusions 

The REE and Nd isotope compositions of the Fe-Mn leachates in five southeast 

Atlantic sediment cores have been analysed in order to investigate the impact of i) early 

diagenesis; ii) aeolian dust sedimentation; and iii) Congo River discharge upon the Nd 
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isotopic composition of the Fe-Mn oxyhydroxide fractions in marine sediments. To 

study the effect of diagenesis, we have focused on core MD96-2085 from the central 

Cape Basin, which exhibits a typical early diagenetic zonation across the oxic/suboxic 

boundaiy (Chapter 5). This study supports the evidence that early diagenesis, and in 

particular the adsorption of P onto Fe-oxyhydroxides, significantly controls the 

distribution of REE (including Nd) in the Fe-Mn oxyhydroxide fraction of marine 

sediments. As a consequence, the Nd isotopic composition of the Fe-Mn fraction in 

core MD96-2085 is probably partly homogenised during early diagenetic processes. In 

the near-surface section of the core, the redox cycle of Mn leads to Ce enrichment 

(positive Ce-anomalies). Below the oxic/suboxic boundary, HREE appear to be more 

depleted than the MREE and LREE, indicating that early diagenetic processes may 

fractionate the REE. 

The contribution of wind-blown Fe-oxides from the Namib Desert is demonstrated 

clearly by the REE data for Fe-Mn leachates from the northern Cape Basin cores. 

These Fe-oxides appear to be resilient to early diagenetic processes, even under the 

reducing conditions encountered in these sediments collected from beneath the high-

productivity southeast Atlantic upwelling zone. This shows that aeolian contamination 

can have a major impact on the Nd isotopic composition of Fe-Mn oxyhydroxides in 

marine sediments. 

The influence of Congo River discharge has also clearly affected the REE and Nd 

isotope compositions of the Fe-Mn leachates in core MD96-2091 from the Angola 

Basin. The similarity between the REE patterns of those leachates and that of the 

suspended load at the mouth of the Congo River suggests, but does not prove, that a 

significant part of the Fe-Mn oxides in core MD96-2091 derives directly from the river 

and is delivered to the sediments together with the Congo River clays. 
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Chapter 7 

Conclusions 

7.1 Implications for paleoceanographic studies 

In the previous chapter, it was argued that an enhanced contribution of wind-

blown Fe-oxides to northern Cape Basin sediments, during the last glacial maximum, 

could explain the fluctuations of both SNd and REE patterns observed in the Fe-Mn 

oxyhydroxide fractions. In addition, our results for the central Cape Basin core 

(MD96-2085) indicate that early diagenetic processes play a role in controlling the 

REE distribution in Fe-Mn fractions and in fractioning, to some extent, the REE. 

So, can the Fe-Mn leachates still be used for paleoceanographic studies? 

Although our results clearly suggest that REE (including Nd) are re-distributed during 

early diagenesis, probably resulting in some homogenisation of the Nd isotopic 

signatures of Fe-Mn leachates, several lines of evidence suggest that these fractions 

could still provide Em values which are similar to the SNd values of the past deep-water 

masses from which they first precipitated. 

The first evidence concerns the Nd isotopic composition of Fe-Mn fractions of 

recent marine sediments. In the present-day Atlantic, both the dissolved silica content 

and SNd signature of deep Atlantic waters provide an excellent index of the 

proportions of NADW (low SiOz and SNd) and southern-derived waters (high SiOi and 

SNd) present in any given seawater sample. These two conservative tracers define a 

positive trend when both are plotted together (Rutberg et al., 2000 - see Fig. 7.1). 

Using this trend, then, by comparing the SNd value of the Fe-Mn fraction of any given 

recent Atlantic sediment with the dissolved SiOi content of the overlying local 

bottom-water, one can establish whether that Fe-Mn fraction truly does record the SNd 

signature of present-day bottom-water (Rutberg et al., 2000; see Chapter 3). For the 

case of the Angola Basin core (MD96-2091), the Nd isotopic composition of recent 

Fe-Mn leachates (sNd = ~ -16) departs from the expected seawater isotopic signal (sNd 

= ~ -12), reflecting the influence of the Congo River clearly. 
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However, in Fig. 7.1, local bottom-water Si02 contents and the sm values of Fe-Mn 

fractions leached from Cape Basin core-top samples agree with the trend defined by 

Rutberg et al. (2000). This provides evidence that the authigenic Fe-Mn component 

of recent marine sediments, even in the proximity of an important aeolian desert 

source (i.e. the Namib Desert), faithfully records the Nd isotopic composition of the 

local bottom-water. 

The second line of evidence that Fe-Mn oxyhydroxide fractions dispersed in core 

MD96-2085 sediments could still record the isotopic composition of past deep-water 

masses is given when comparing the depth-profiles of SNd values for both detrital 

(Table 4.2) and Fe-Mn leachates (Table 6.2). For the Angola and northern Cape 

Basin cores, SNd isotopic signals in both detrital and Fe-Mn fractions are very similar 

(Fig. 7.2). In Chapter 4 and 6, these results have been interpreted in terms of 

paleoceanographic changes (for the detrital fractions) and varying contributions of 

wind-blown Namibian Fe-oxides (for the Fe-Mn oxyhydroxide fractions). Here, 

therefore, the similarity between detrital and Fe-Mn authigenic SNd signals reflects the 

evidence that both deep ocean circulation and atmospheric changes have been driven 

contemporaneously with the cycling of interglacial/glacial conditions. 

Fig. 7.3 is a similar graph where detrital values have been plotted together with 

those in the Fe-Mn leachates for core MD96-2085, from the central Cape Basin 

(Tables 4.2 and 6.2). Interestingly, the same relationship as for the four other cores 

can be observed for diagenetically active core MD96-2085 (i.e. a similar 

detrital/authigenic SNd down-core profile). Here, as for the four other cores, down-

core variations of detrital SNd have been interpreted principally in terms of deep-

circulation changes (Chapter 4). But for core MD96-2085 Fe-Mn oxyhydroxides, it 

has also been shown that early diagenesis could re-distribute the REE within the Fe-

Mn oxyhydroxide fractions, probably resulting in some homogenisation of the Nd 

isotopic compositions in these minerals (Chapter 6). So, how can the persisting 

similarity between the SNd profiles of the detrital and Fe-Mn oxyhydroxide fractions in 

this core be explained? 
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Compared to the four other cores from the northern Cape and Angola Basin, core 

MD96-2085 is located south of the Namib Desert and should not have been 

influenced significantly by either northerly or easterly Namibian winds throughout the 

Late Quaternary. This is supported by the Nd isotope data for the detrital fractions 

(Chapter 4), which suggest that the Contribution of Namibian dust to the terrigenous 

component of MD96-2085 has remained only minor throughout the Late Quaternary. 

Therefore, it is unlikely that the similarity between the SNCI profiles of detrital and Fe-

Mn fractions observed is due to variations in the relative input of wind-blown 

Namibian material. An alternative hypothesis, which could account for the similarity 

between the authigenic and detrital SNd profiles in core MD96-2085, would be that the 

Fe-Mn oxyhydroxide fractions in this core still provide a pristine isotopic record of 

past deep-water masses. Evaluating this hypothesis is complicated, however, by the 

evidence that the only glacial/interglacial transition in this core coincides with the 

oxic/suboxic boundary (at ~ 70 cm depth). In an attempt to differentiate pristine 

paleoseawater signal changes from those imposed by subsequent diagenesis, the REE 

distributions in the core MD96-2085 Fe-Mn leachates have been re-examined. 

Previously (Chapter 6), we focussed upon fractionation at and around the depth of 

REE enrichment, coincident with the P-rich layer. Here, we now look at variations in 

Dy/YbN ratios throughout the entire core. 

In Fig. 7.4, depth-profiles of SNd values are plotted together with Dy/YbN and 

Nd/Ybn ratios in the core MD96-2085 Fe-Mn leachates. The similarity between 

and Dy/YbN profiles could suggest that variations in both tracers have been induced a 

common process (or processes). In this core, let us assume that these variations 

reflect primarily deep-water changes. If such were the case, what would the expected 

Dy/YbN ratios of Fe-Mn leachates precipitating from glacial Cape Basin deep-water 

masses be? 

According to De Carlo et al. (2000), the trend observed here, in which Fe-Mn 

leachates exhibit increasing Dy/YbN ratios from the Holocene to the last glacial 

maximum (Fig. 7.4), would indicate that the CO3" concentration in the deep glacial 

Cape Basin was greater than at the present-day. This is in agreement with previous 

paleoceanographic studies (e.g. Broecker et al., 1999). By contrast, if all Dy/YbN 

variations were due to diagenesis only, and in particular to the presence of adsorbed 
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phosphate onto Fe-Mn oxyhydroxide precipitates, it would be expected that an 

increase in P concentrations with depth would coincide with a decrease in Dy/Yb^ 

ratios, reflecting the higher affinity of HREE for solid phosphate material. Thus, if 

REE fractionation in the Fe-Mn leachates is induced by deep-water changes, rather 

than early diagenesis, it could be suggested that the Nd isotopic composition of core 

MD96-2085 Fe-Mn leachates does possibly provide a reasonable estimate of the SNd 

signature of past-deep water masses. 

Although the above arguments would provide hope that Fe-Mn fractions in core 

MD96-2085 could retain a Nd isotopic composition representative of the deep-water 

masses from which they first precipitated, our conclusion remains much more 

conservative that it would be of great importance to carefully investigate the redox 

status of any core from which one might want to use dispersed Fe-Mn oxyhydroxide 

data for paleoceanographic studies. From this work, it is clear that oxic diagenesis 

(e.g. characteristic of slowly-accumulated deep ocean cores) does not alter the Nd 

isotopic composition of the Fe-Mn oxyhydroxide fractions. The onset of suboxic 

conditions is characterised by a redistribution of the REE, which probably leads to at 

least some homogenisation of the Nd isotopic compositions of the Fe-Mn 

oxyhydroxide precipitates. However, future work will be required, in a range of well-

characterised samples from different diagenetic regimes, to better constrain both REE 

and Nd isotope behaviour in other marine environments of potential 

paleoceanographic interest (e.g. long-term records in open-ocean basins, sediments 

underneath other high productivity/upwelling zones such as Equatorial Pacific, Peru 

Margin, Arabian Sea , Southern Ocean). 

7.2 Summary of the thesis 

In this thesis, the use of radiogenic isotopes (Sr and Nd) in marine sediments as 

paleoceanographic proxies has been explored. To this purpose, five sediment cores 

recovered from the Angola and Cape basins, in the southeast Atlantic Ocean, have 

been studied. The aim has been to analyse the Sr and Nd isotopic composition of both 

detrital (terrigenous) and Fe-Mn oxyhydroxide fractions in these sediments, in order 
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to investigate whether any change in deep ocean circulation has occurred in the 

southeast Atlantic throughout the Late Quaternary. Because no standard method 

existed for the analysis of Sr and Nd isotopes in marine sediments, the first part of the 

thesis work (Chapter 3) required the development of a sequential le&ching procedure 

which can be used to separate, qualitatively, both the Fe-Mn oxides and the detrital 

fraction fi-om any marine sediment sample for isotopic analysis. A series of tests was 

performed, on a representative sample, to assess the effects of various chemical 

treatments on the isotopic composition of both resultant leachates and residues. Our 

final recommended procedure involves the use of 10% acetic acid, followed by IM-

hydroxylamine hydrochloride in 25% acetic acid to remove the carbonate component 

and the Fe-Mn oxide fraction, respectively. This method has now been published in 

the peer-reviewed literature (Bayon et al., in press) and represents the current state-of-

art for all related paleoceanographic studies. Even with this recommended procedure, 

however, major element data reveal that the Fe-Mn leachates have incorporated - in 

addition to the Fe-Mn oxyhydroxide fraction - an important amount of biogenic 

material (~ 1 -2% of total biogenic content) and, to a much lesser degree, terrigenous 

material. This shows that it remains analytically very challenging to separate a pure 

fraction of Fe-Mn oxides from any marine sediment sample, quantitatively. Because 

of the uniformly very low Nd concentrations in marine carbonates, we are quite 

confident that incorporation of biogenic material has no more than a minor effect on 

the Nd isotopic composition of the Fe-Mn leachates. However, for the case of Sr, 

which is enriched in carbonates, the ^^Sr/ ^^Sr signature of any Fe-Mn leachate is 

likely to be strongly affected by contamination with biogenic material. 

In the second part of the thesis (Chapter 4), the Sr and Nd isotopic compositions 

of the detrital fractions from our sediment cores have been analysed. These isotopic 

analyses provide information on the provenaiice of the terrigenous material in the 

southeast Atlantic Ocean. When compared with data from the literature, the Nd and 

Sr isotopic analyses of these detrital fractions show that there are three main sources 

of terrigenous material to the deep southeast Atlantic Ocean; 1) clays delivered to the 

equatorial Atlantic by the Congo River and fransported south by North Atlantic Deep 

Water (NADW), 2) material from the southwestern Atlantic province advected north 

by Circumpolar Deep Water (CDW), and 3) aeolian dust blown from the Namib 

Desert. Both Nd and Sr isotopic records exhibit an interglacial-glacial cyclicity. 
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A further complication arises, however, in our detrital fractions, because ^^Sr/ ^^Sr 

ratios are strongly controlled by the presence of Sr-rich residual phases of barite, as 

revealed by high Ba detrital concentrations. This shows that it is also necessary to 

assess the possible presence .of barite before analysing the detrital Sr isotopic 

composition of any marine sediment"sample for provenance studies. Because the Nd 

concentration in marine barite is low, the presence of this additional phase should not 

affect the Nd isotopic composition of the terrigenous component. 

The Nd isotopic compositions of the youngest/Holocene detrital fractions in five 

specially chosen cores have been shown to be consistent with the present-day 

hydrography of the deep southeast Atlantic. In these cores, Nd isotopes can be used 

to trace the decreased contribution of Congo River material upon terrigenous 

sedimentation as the deep Atlantic flow progresses south toward the Southern Ocean. 

In Cape Basin cores, which are bathed with southern-water masses at present, the sm 

values of Recent detrital fractions indicate that these sediments have incorporated 

some terrigenous material from the SW Atlantic province. This demonstrates the 

potential of Nd isotopes for tracing deep-water masses. 

A mixing model between the three 'end-member' detrital sources shows that the 

contribution of Namibian dust to detrital sedimentation in the Angola and northern 

Cape basins increased during glacial periods. Contemporaneously, the influence of 

Congo River decreased in both the Angola and Cape basins, whilst the contribution 

from southwestern Atlantic clays increased. This result is in agreement with the 

findings of previous workers, using conventional paleoceanographic proxies, 

indicating that the relative influence of Atlantic deep-water in the South Atlantic 

decreased during the last glacial maximum. 

In South Atlantic paleoceanographic studies, a possible advantage of using Nd 

isotopes in the detrital fractions, compared to those conventional proxies which record 

the seawater chemistry of past water masses, is that it may provide information on the 

behaviour of NADW and CDW, independently, by allowing one to calculate mass 

accumulation rates of detrital material carried by each water mass. In this thesis, the 

modelling of mass accumulation rates of each individual detrital source suggests that 

an efficient transport of Congo River clays by NADW has probably persisted 

throughout the Late Quaternary whereas, contemporaneously, the transport of 
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southwestern Atlantic clays by CDW increased significantly during glacial periods. 

This suggests, but does not prove, that it may have been an enhanced flow of CDW 

which was responsible for the apparent weakening of NADW in the glacial South 

Atlantic Ocean. 

In the third and final part of the thesis, the major, trace, rare earth element and Nd 

isotopic compositions of the Fe-Mn leachates has been analysed. The aim has been to 

examine the effects of early diagenesis and 'continental' contamination (by aeolian 

dust and riverine discharge) upon the Nd isotopic composition of the Fe-Mn oxide 

fraction in the SE Atlantic sediments. As revealed by redox sensitive elements (Fe, 

Mn and P), reducing conditions are encountered in all five cores. The studied section 

of core MD96-2085 (central Cape Basin) exhibits a typical early diagenetic zonation 

from oxic to suboxic conditions and is, therefore, particularly suitable for the study of 

the effect of diagenesis on the Nd isotopic composition of the Fe-Mn fraction within 

marine sediments. In common with previous studies, our data show that early 

diagenetic processes, specifically the adsorption of P onto Fe-oxyhydroxides, can both 

control and fractionate REE (including Nd) distributions in the Fe-Mn fractions of 

marine sediments. This has led to the conclusion that the Nd isotopic composition of 

core MD96-2085 Fe-Mn leachates has probably been homogenised, at least in part, as 

a result of this diagenetic REE re-distribution. 

In addition, our study has confirmed the findings of previous workers, that the 

contribution of aeolian (Namib Desert) and river-bome (Congo River) Fe-Mn oxides 

could significantly influence the REE and Nd isotopic compositions of the Fe-Mn 

oxyhydroxide fraction dispersed within marine sediments. An interglacial-glacial 

cyclicity has been observed for the Nd isotopic composition of Fe-Mn leachates from 

the northern Cape and Angola Basin cores. These variations in the SNd signature of 

the Fe-Mn component have been attributed to variations in the flux of aeolian Fe-

oxides to the sediments. Such wind-blown Fe-oxides appear to be resilient to early 

diagenetic processes, even under strong reducing conditions, suggesting that these 

oxides can represent a significant fraction of the Fe-Mn oxyhydroxide component in 

marine sediments. 
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Although the Nd isotopic composition of our surface sediments is consistent with 

present-day hydrography, therefore, this study also provides new constraints on the 

use of Nd isotopes in the Fe-Mn component of marine sediments as a 

paleoceanographic proxy. Specifically,' it is of great importance to assess the 

diagenetic state of any sediment core before analysing the Fe-Mn oxide component 

for paleoceanographic purposes. 

7.3 Wider implications / Future work 

This thesis has described two possible applications of radiogenic isotopes to 

paleoceanographic studies. Despite some limitations which have been identified for 

the use of both the detrital fraction and the Fe-Mn component, the future of radiogenic 

isotopes in marine sediments as paleoceanographic/paleoclimatic proxies remains 

promising. First, let us consider the use of the terrigenous fraction of marine 

sediments. As has been shown, the main advantage of using radiogenic isotopes in 

clay-rich firactions is that it can allow one to monitor the behavior of water masses 

independently. It has been speculated, in this thesis, that an increased flow of 

southern water masses during glacial periods could derive fi-om the formation of 

glacial Pacific Deep Water. This hypothesis will need to be confirmed or refuted by 

studying Nd isotopes in a sediment core firom the southeastern Pacific, for example, to 

evaluate whether the flux of terrigenous material delivered by the deep Pacific flow to 

the Southern Ocean has indeed increased during glacial episodes. 

The application of Nd isotopic analysis in directly drilled DSDP/ODP cores would 

also provide useful information on the behavior of deep-water masses over longer 

time-scales (e.g. Neogene), where poor preservation of authigenic material often 

limits the use of conventional paleoceanographic proxies. For example, detrital Nd 

isotopes could provide further insights into the behavior of deep Atlantic circulation 

during the initiation of the Northern Hemisphere Glaciation, some 3 Ma ago. 

Applications of radiogenic isotopic analysis to quantify variations of the terrigenous 

discharge of major river systems during the Late Quaternary are also possible. 
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The use of other radiogenic isotope systems in detrital marine sediments could also 

provide complementary information to that which can be obtained from Nd isotopes, 

hi particular, because Lu/Hf and Sm/Nd isotopic systems behave differently during 

sedimentary processes, the complementary use of Hf isotopes might be expected to 

yield additional information on sediment provenance in studies where the Nd isotopic 

signatures of two distinct detrital sources are similar (e.g. Namibian dust and 

southwestern Atlantic clays in southeastern Atlantic sediments). As an aside, the 

relationships between the percentage of Namibian dust in detrital fractions of our 

southeastern Atlantic cores and 1) Sm/Nd and 2) Lu/Hf ratios are shown in Fig. 7.5. 

It can be observed, clearly, that Lu/Hf ratios are controlled by the % of wind-blown 

Namibian material whereas Sm/Nd ratios remain constant in all samples. This is due 

to higher Hf concentrations in coarse aeolian material compared to deep-sea clays, 

and highlights the potential of Hf isotopes in detrital sediments for quantifying past 

aeolian fluxes to the ocean. 

When one considers the use of Fe-Mn fractions, more questions remain to be 

resolved before we can understand the origin and fate of the Fe-Mn oxide fraction in 

marine sediments. First, a detailed and coupled study of pore-waters and Fe-Mn 

oxide fractions in marine sediments will be necessary to better quantify the behavior 

of REE during early diagenesis (see section 7.1). Second, the effect of aeolian 

contamination upon the isotopic composition of the Fe-Mn oxides in marine 

sediments needs to be considered in more detail. It has been shown that sinking 

particles in the water column can undergo at least some isotopic exchange with the 

dissolved Nd in seawater, and also adsorb additional Nd from seawater (Tachikawa et 

al., 1999). It is likely that Fe-Mn oxide phases in these sinking particles play a 

significant role in both this 'particulate/dissolved' isotopic exchange and the 

scavenging of seawater REE. But what is the proportion of this exchanged/adsorbed 

seawater Nd in the Fe-Mn fractions that have been measured during this study? It 

could be suggested that an increased flux of wind-blown oxides, during glacial 

periods, has favoured the adsorption of seawater Nd onto sinking aeolian particles. 

This, in turn, would have resulted in an increased flux of Nd, with a seawater isotopic 

signature, to the Fe-Mn component of our northern Cape Basin sediment. In that 

case, the radiogenic Nd isotopic composition measured in the leachates would reflect 

the presence of southern water masses in the deep Cape Basin rather than an increased 
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flux of Namibian material. An ideal location to investigate the particulate/dissolved 

exchange effect, as recorded by the Fe-Mn oxyhydroxide fraction dispersed within 

marine sediments, would be in the northwestern Pacific Ocean, where the isotopic 

signature of the aeolian material contributing to the sedinientation (sNd = —10) is 

quite distinct from that of the local bottom-water (sNd = ~ -4). Such studies could be 

used to help quantify the output of REE in the ocean. 

Finally, a critical issue concerning the use of Nd or other radiogenic isotopes in 

paleoceanography is to assess whether the Nd isotopic composition of individual 

deep-water masses has fluctuated over time, as a consequence of changes of 

continental weathering style, for example. An on-going study on metalliferous 

sediments from East Pacific Rise ridge-flanks suggests that past changes in the style 

of continental weathering might have affected the REE composition of seawater 

(Sherrel et al., 2000). Studying the REE distribution in Fe-Mn leachates of marine 

sediments from various locations not affected by diagenesis, or any continental 

contamination, would shed important light on that issue, in the future. 
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Appendix 1 
Bulk carbonate contents 

Appendices 

Depth Age Bulk CaCOs Depth Age Bulk CaCOs 

(cm) (kyr) (%) (cm) (kyr) (%) 

MD96-2087 MD96-2085 

5 6.3 6 1 8 0 0.0 90.9 

229 1 t 5 62.6 20 3.7 90.3 

603 23.6 4 Z 9 50 8.9 8&8 

890 43.9 43.0 60 1&6 8&1 

999 65.8 2&4 90 15.8 88.1 

1201 90.8 29.3 110 19.3 8 6 9 

1250 94.7 36.8 

MD96-2091 MD96-2091 

MD96-2098 2 1.6 28.6 

0 6.0 8A0 21 7.2 36.5 

25 7.0 8&7 41 9.6 34.7 

110 11.4 78.1 61 12.0 3 8 2 

171 14X 63.6 81 15.5 29,4 

201 16.0 60.4 121 24.7 24,8 

231 1 7 6 59.3 321 65.0 2 9 9 

341 68.8 24.2 341 68.8 24.2 

MD96-2086 361 72.5 26.7 

46 4.0 87.4 381 76.3 38.3 

86 7.5 83.1 511 105.0 23.4 

121 1&6 70.2 611 117.7 2 8 0 

161 1&2 55.6 641 122.0 21,0 

469 48.3 72,3 651 12&8 2 6 2 

609 6 2 2 46.6 661 131J 2 4 2 

748 81.7 65.2 681 141.3 21M 

962 122.0 86.1 701 151.0 12.5 

999 - 76.5 761 166.0 32.5 

1009 126 0 64.4 961 219.5 30,9 

1048 130.3 56.6 1041 253.0 25.1 

1072 132.8 6 7 a 1082 263,0 25.5 

1421 177.7 3 2 8 1141 295.3 38,3 

1441 180.3 2 4 6 . 303.6 53.1 

1481 185.4 31.7 1201 320.2 34,4 

1516 201.7 72.9 

% bulk CaCO; in southeast Atlantic cores. Carbonate percentages have been 
determined by weighing the loss of material after treatment of the bulk sediment 
with 10% acetic acid. 
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MD96-2087 

0 50 100 
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8 0 0 -
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200 -

250 -

-J I—I—I——u 4 
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Bulk CaCO; (%) vs. depth (cm). Shaded areas correspond to glacial periods. 
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Appendix 2 
core MD96-2091 age model 

5 O (%oj - bulk sediment 

4 3 2 1 0 -1 

£ 600 

Q. 
0) 

Q 800 

I. 
8.3 
8.4 
8.5 

10.2 

2.0 Event Age Depth in core 
2.2 (kyr) (cm) 

2.0 12 61 

3.3 2.2 19 101 3.3 
3.3 53 221 

4.0 4.0 59 281 
4.2 4.2 65 321 

1:1 

5.1 80 401 

1:1 5.2 87 421 

5.3 5.3 99 481 

5.4 
5.4 107 521 

5.4 5.5 122 641 
6.4 151 701 

5.5 
6.5 171 781 

5.5 6.6 183 861 

6.4 7.1 194 901 

6.5 
7.4 228 981 

6.5 7.5 238 1001 
8.2 249 1021 

6.6 8.3 257 1061 

7.1 8.4 269 1101 
8.5 287 1121 

7.4 10.2 341 1261 

Stratitgraphic control points 

Oxygen isotope ratios of bulk sediment, versus depth in core MD96-2091. 
Arrows represent the stratigraphic control points ; italic numbers are 
5"0 control points derived from correlation with the SPECMAP time 
scale (Imbrie et al., 1984). 
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Appendix 3 
Chemical methods 

Two clean laboratories were usbd in the SOC for all major, trace element and 

radiogenic isotope analyses. The entire sequential leaching procedure was carried out 

inside a fume cupboard with a scrubber system attached to the air outlet. All 

laboratory-ware (e.g., Pyrex and Teflon beakers ; Savillex vials) that came into contact 

with samples was first soaked overnight in warm 6M HN03, then rinsed in Milli-Q 

grade water and soaked in warm 6M HCl for at least 24 hours, and finally rinsed for 1 

day in Milli-Q grade water. 

All acids used for digestion, column work and cleaning were of Aristar grade. 

Diluted acids were prepared by dilution of of concentrated acids with Milli-Q grade 

water. 

Details of the separation procedures for Sr and Nd, prior to isotope analysis, are given 

below (6om R. Boella, pers. comm.). Fractions of REE were isolated from the 

mother solutions by cation exchange columns prior the separation of Nd with Ln 

resin. 

1) Sr separation for isotope analysis on TIMS 

Sr spec resin (mesh 100-150 pm, supplied by Eichrom Industries Inc.) was used 

for the separation of Sr firom 'mother' solutions on small prolypropylene 10 ml 

columns (supplied by BIO-RAD). 

Sample preparation ' 

Enough mother solution was boiled down to give about 1 mg of Sr. 

The dried firaction was then dissolved in 2 ml 6M nitric acid and 

centrifiaged just prior to loading in order to remove any silica gel 

present in solutions. 

Column preparation 
- Milli-Q grade water was added to both Sr spec resin and Anion 

exchange resin (AG 1-X8 (200-400) mesh CI form, supplied by BIO-

RAD) 
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- Using a disposable polythene pipette, a 6 mm-bed depth of Sr spec was 

loaded into clean columns (4M nitric acid soaked columns) 

A 3 mm-bed depth of Anion exchange resin was loaded onto the Sr 

spec resin.' The ion exchange serves two purposes. It holds the resin in 

place and also s lowfthe flow rate. The depth of this resin can be 

varied according to the flow rate differences between columns. It is 

important to ensure that a bridge of ion exchange resin does not form 

down the side of the Sr spec resin as this will allow some strontium to 

bypass the Sr spec. 

Conditioning the columns 

The columns were washed with 10 ml of Milli-Q water, followed by 10 

ml of 6M Aristar nitric acid. These two steps was repeated once 

A 20 ml scintillation vial was then placed under every columns to 

catch the recoverable wash. 

Running the columns 

The 2 ml sample solution was loaded with care, using a polythene 

pipette, and the solution was then allowed to run through until the resin 

surface was just dry again. 

The inside of the column was washed with 2 ml 6M nitric drop-wise 

using a poluthene pipette again. 

When the surface was just dry again, the column was eluted with 9 ml 

6M nitric. 

A PTFE beaker was placed under each column and the strontium 

fraction was then washed from the column with 10 ml of Milli-Q 

water. The strontium fraction was then evaporated to dryness onto a 

hotplate prior to be loaded onto a Tantalum centre filament for isotope 

analysis by TIMS. 

The Sr-spec resin was then discarded after the run. The columns were 

washed with Milli-Q water and left soaking in 4-M Nitric acid. 
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2) REE separation by cation exchange columns 

REE were isolated from the mother solutions using cation exchange resin 

Dowex .50W-X8 (200-400) mesh, H+ form (supplied by' Merck Ltd) loaded onto 

small polypropylene columns (supplied by BIO-RAD). 

Sample preparation 

Enough mother solution was boiled down to give about 1 of Nd. 

The dry fraction was then dissolved in 2 ml 2.2M Aristar HCl and 

centrifuged just prior to loading in order to remove any silica gel 

present in solutions. 

Column preparation 

The columns are already prepared with ~ 6.5 ml of cation exchange resin. These 

columns must be soaked in Milli-Q water to avoid the resin to dry. 

Conditioning the column 
The columns were conditioned by eluting 20 ml of 2.2M Aristar HCl. 

Running the columns 

The 2 ml sample solutions were loaded with care, using a polythene 

pipette, and solutions were then allowed to run through until the resin 

surface was just dry again. 

The inside of the column was washed with 2 ml 2.2M Aristar HCl 

drop-wise using a polythene pipette again. 

When the surface was just dry again, the column was eluted with a 

further 22 ml of 2.2M HCl acid. 

A PTFE beaker was placed under each column and the REE fraction 

was then washed off from the column with 16 ml of 6M Aristar HN03. 

The REE fractions were then evaporated to dryness onto a hotplate 

prior to be loaded onto a the Ln resin columns to produce clean 

fractions of Nd. 

Cleaning the columns 

The columns were cleaned by eluting 10 ml of 6M Aristar HN03, 

followed by 10 ml of 6M Aristar HCl, and finally 10 ml of Milli-Q 

water. The columns were then topped up with Milli-Q water with caps 

and bottom covers up. 
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3) Nd separation by Ln resin 

Nd was isolated from the REE fractions using Ln resin 100-150 mm mesh 

(supplied by Eichrom Industries Inc.) which is HDEHP . coated 

(di(ethylhexyl)orthophosphoric acid^'loaded onto glass columns (stem ; ID 6 mm; 

lenght 10 cm plus 3 mm med glass frit), with 15 ml reservoir bowl. The support 

material was AMBERCHROM ™ CG-71 (100-150) micron mesh size. 

Sample preparation 

The dried REE fraction (containing about Ipg of Nd) isolated from the 

mother solution by cation exchnage chromatography was dissolved in 

2 ml of 0.17M Aristar HCl acid. 

Conditioning the columns 

The columns were conditioned by eluting with 10 ml of 0.17M HCl. 

Scintillation vials were placed under each column to catch the sample 

wash. 

Running the columns 

The sample was loaded onto the column and allowed to run through. 

Another 10 drops of 0.17M Hcl were added to wash on the sample. 

Again, this was allowed to run through. 

The columns were eluted with 22 ml of 0.17M HCl. 

The vials were replaced with PTFE beakers and the columns eluted 

with a further 25 ml of 0.17M HCl. This is the Nd fraction, which was 

then boiled to dryness and covered with parafilm prior to loading onto 

a Tantalin side filament. This filament is part of a triple set-up (2 Ta 

sides and 1 Re centre) all of which must be degassed before loading. 

The columns were then washed with 15 ml of 6M HCl, followed by 15 

ml of Milli-Q water. The columns were always left standing in Milli-Q 

water up to the top of the resin level. 
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Appendix 4 
ICP-MS - Correction of interferences 

Trace and rare earth elements (REE) were analysed by inductively coupled plasma 

mass spectrometry (ICP-MS) on a VG Plasmaquad 2+ instrument. Sample solutions 

measured during this thesis were calibrated to a set of international (BIRl, JB2, JB3, 

GRS) and in-house (BRRl) standards during each period of measurements. 

Corrections of oxide and hydroxide interferences, which affect the REE in the plasma, 

were determined by analysing solutions of ; Ba ; Ce ; Pr + Nd and Sm + Eu + Gd + Tb 

at he beginning of the measurement cycles (Barrat et al., 1996). The list of observed 

and corrected interferences is given in the following Table, below. 

Element m/z Observed Interferences % oxide formation^ 2 30" 

Sr 86 *"Kr+ 
Ba 135 0^8 046 
La 139 
Ce 140 0.08 0 4 5 
Pr 141 1.65 3.83 
Nd 143 0^9 0.83 
Nd 146 
Sm 147 0.21 CU4 
Sm 149 0.19 0 4 9 
Eu 151 ["=Ba'®0]+ 0.04 0.03 
Eu 153 0.04 0 4 3 
Gd 156 0.62 0.58 
Gd 157 f'^Ce"OH]+, ["'Pr'®0]+ 
Tb 159 [""Nd"0]+ 0.49 0.29 
Dy 163 
Ho 165 f'"Sm'®0]+ 

Er 167 ["'Eu"0]+ 
Tm 169 ["=Eu'®0]+ ' 

Yb 174 ["®Gd'®0]+ 

Lu 175 

a- Average of % oxide formation measured during the period of the thesis (N=7) 
b- 2*Standard deviation of the means of oxide formation in the Ba ; Ce ; (Pr + Nd) and (Sm ^ 

Eu + Gd + Tb) solutions. 
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Appendix 5 
Trace element data of the detrital fractions 

Depth Mn Co Ni Cu Zn Rb Y Zr Nb Cs Hf Pb Th 'U 
(cm) (ppm) (ppm) (ppm) O^m) (ppm) (ppm) (ppm) kipm) (ppm) (ppm) (ppm) (ppm) (ppm) k^n) 

IVID96-2087 
5 152 4.1 71.0 124.4 80.6 70 17.4 82 7.5 4.7 2.39 3.74 8.2 1728 

229 292 8.1 76.2 137.8 115.1 151 2&5 148 13.2 10.7 4.98 771 15/4 14.02 
603 229 6.7 36.3 68.4 71.6 118 20.5 138 12.0 9.7 4 J 6 14.98 12,6 5.66 
890 216 6.6 38.9 85.9 78.1 114 17.4 122 11^ 9.7 3.58 5.51 11,1 5.85 
999 162 5.0 38.4 8 t 5 57.9 102 12/7 85 8.0 7.7 2 6 0 3.60 8.3 4.54 

1201 120 3.6 34.2 64.8 45.9 74 9.9 65 6.0 5.7 2.01 GU6 6.6 3.64 
1250 237 7.5 3&9 79.9 77.9 126 16.7 114 1 1 4 10.5 3.96 571 114 4.10 

MD96-2098 
0 146 5.5 3&8 106.5 64.7 62 123 68 7.4 5.1 2.11 7.39 7,5 1.77 

25 244 9.2 35.7 116.6 101X3 84 17^ 107 1 i a 7.7 2U4 26.24 10.3 2 5 8 
110 122 4.4 20.0 63.5 51.9 47 7.8 64 6.1 4.7 1.90 2.91 5,3 1.77 
171 162 5.3 38.2 108.1 72.3 82 i a 2 82 7.9 6.7 2 5 2 3.99 8,1 4 7 0 
201 194 6.4 41.8 137.5 94.1 96 1&8 103 1^2 8.6 2^5 10.42 9.8 5.67 
231 184 6.2 37.8 127.4 7&9 90 15.5 109 10.1 8.5 3.32 5.33 10,0 6U5 

MD96-2086 
46 - 14^ - - - - 18.5 123 11M 11.2 3.48 6.55 112 2 5 5 
86 - 11.5 - - - 170 21.4 141 1 2 5 12.99 3.81 6.23 114 2 4 7 

121 - 11.5 - - - 167 2&2 141 1 2 5 13.62 4.15 7.02 11.9 2 5 2 
161 - 114 - - - 160 20.6 133 11.0 13.22 3.86 6jG 114 2 5 9 
469 248 8.7 34.1 74.9 9&2 104 15.7 135 12.5 10.25 3^3 5.77 9.3 2.85 
609 240 9.0 44.9 88.5 88.0 144 17M 131 12.5 12^12 4.08 5.75 105 2U1 
748 253 9.3 32.2 61.1 96.8 110 16.0 144 13.9 11.89 4.47 5.99 10.4 2 4 8 
962 316 144 7&2 107.2 134.6 100 19.6 154 14.5 10.21 4.50 7.43 115 3 4 5 

1009 257 1&9 44.8 68.9 1CM.5 66 16.3 147 1 4 5 9.49 4.32 6U9 9.9 2.50 
1072 222 8.1 24.9 124.2 91.6 59 12.8 150 1&0 9.30 4 4 3 5.68 6.6 3.16 
1421 - 8.9 - - - 153 1&8 116 9.5 1248 3.44 5.17 9,1 2 J 9 
1441 - 8.7 - - - 144 1&8 107 9.0 12.20 3.22 5.84 8.9 2.70 
1481 - 11^ - - - 141 15.0 116 9.5 11.59 3̂ M 5.45 9.8 1.73 
1 ^ ^ - 12^ - - - 126 14.4 100 8.6 10.49 2^K 4,56 8.6 1.60 

MD96-2085 
0 379 11.6 10^2 66.6 110.3 155 2&1 129 12.7 11.8 3.85 870 144 2.08 

20 479 14.2 7 1 ^ 75.1 13Z3 188 30.0 164 17.0 13.8 4.80 979 16,3 251 
50 417 12.5 44.5 66.8 130.7 144 27,9 173 17.5 13.0 5.11 10,79 164 251 
60 321 9.9 3&6 54.1 100.6 128 22.8 ^ 14W 14.0 11.1 4.13 8,54 1 4 j 2 J 0 
90 355 15a 57.4 627 13&2 174 28.5 ' 180 17^ 14.0 4.96 8.44 16.5 2 4 5 

110 288 14^ 53.1 103.8 118.0 123 2&3 155 14.5 11^ 4.46 7,36 13.7 2 6 3 
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Trace element data of the Fe-Mn leachates 

Depth Cu . Ni Zn Co Sr Y Zr Nb Cs Hf Pb Th U 
(cm) (ppm) (ppm) (ppm) (ppm) (PPr%). (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

M 096-2087 

5 143 1443 4160 36.1 2699 490 6.1 0.52 21.2 0.40 51 1.50 53.9 
229 133 1240 3768 45.1 2036 479 1&7 0.97 2&6 0.31 54 2 3 3 43.4 
603 121 870 3418 73.6 1435 337 20.5 1.80 24J 0.55 159 3.29 59.1 
890 104 691 2680 57.3 1348 322 15.8 1^^ 19.1 0.46 107 1.77 46.1 
999 152 824 3345 65.7 1361 227 25.6 2.02 23.3 Oj% 154 3.09 4&3 

1201 125 924 4398 57.8 1422 261 2&2 2.04 22.7 0.65 209 3.73 33.7 
1250 101 740 2768 59.7 1723 291 2&5 1.71 22.5 0.55 132 2.73 33.9 

MD96-2098 
0 560 670 2731 55.4 3381 405 14.4 1.38 19.5 0.53 441 1.93 6.7 

25 734 584 2014 61.8 3112 401 17^ 1.25 13^ 0.43 175 1.61 9.5 
110 628 832 2923 7 2 7 3672 466 25.4 1.56 20.5 0.75 83 2^# 13^ 
171 289 2366 28959 5&3 2571 350 20.1 1.30 19.5 o^a 55 1.61 24.8 
201 283 2889 949 55.8 2778 371 18.3 0.93 2&2 0.50 178 2.04 2&5 
231 283 869 2474 5 7 ^ 2380 262 25.5 1.21 19a 0.50 68 2.66 35.2 

IVID96-2086 

46 1245 517 1491 - - - - - - - - - -

86 1180 1086 12833 110.5 2552 416 54.2 3.55 20.1 O^y 83 3.63 32.2 
121 1093 703 2003 114^ 2377 389 33.3 2.43 20.6 0.67 106 3.48 3&4 
161 961 652 2684 89.5 1578 271 39.4 2J^ 17.1 0.69 131 4.67 6 2 0 
469 666 582 2027 7 1 ^ 2770 351 24.3 1.72 18.8 Ô M 66 I^G 24.0 
609 952 590 2971 78.8 2110 236 29.6 2U3 19.6 0.60 138 2 2 7 30.7 
748 830 538 2536 127^ 3071 455 4&9 3.12 24.9 1.24 109 3.06 2&4 
962 854 405 1242 71 j 2^M 397 30.5 1.50 5.0 0.65 42 0.00 40.7 

1009 1023 661 1708 17&9 2709 601 40.2 1.90 11.3 1.06 84 0.00 34.4 
1048 939 775 2890 124.5 2801 350 59.4 Z72 25.9 1.21 - 3.88 41.3 
1072 691 680 2772 97.2 2672 392 49.1 2.35 2 3 2 1M6 108 4U2 59.6 
1421 825 670 1965 15&9 1477 347 48.7 3M1 17.1 1.15 227 3.22 50.0 
1441 733 1684 21(m7 13&7 1169 440 55.2 3.45 16.1 IjW 323 2.70 40.9 
1481 1048 840 7874 138.9 1734 396 8&1 3.69 11.1 1.56 230 4.75 39.4 
1516 1348 707 1719 196.4 zme 612 70.2 &48 122 1.51 139 0.00 47.9 

MD96-2085 
0 1286 1893 1734 3&L8 1891 336 1&6 2.43 7.4 0.37 311 :^i5 4.6 

20 1353 1658 2416 354.5 1950 376 24.3 2.42 8.3 0.44 296 2.32 6.2 
50 1153 467 1690 575.7 2439 480 33.0 3.79 9.4 0.59 254 2.68 9.1 
60 1050 406 2372 120.5 2438 510 31.7 2U9 9.1 0.68 318 2.93 10.7 
80 763 423 1476 10&1 2 ^ ^ 566 2&6 2.24 9.1 0.69 75 2.55 2&4 
90 987 670 3391 13&8 2641 735 30.4 2.87 1&8 0.94 97 3.65 34.6 

110 1548 823 2837 13&3 2741 638 36.6 3.06 2rL1 1.03 106 4.04 38.4 

M096-2091 

2 766 589 863 
21 1598 654 760 127.7 1488 318 35.2 5.00 13.1 0.55 221 2.80 7.0 

611 1009 570 1575 124^ 1680 465 64.7 6.47 17^ 1.15 258 3.67 30.4 
641 306 764 966 154.2 1175 393 50.3 6.27 1&8 1.13 257 /L01 32.2 
651 929 1039 1719 36.9 470 138 13.6 1.41 5.3 0.35 92 1.09 8.5 
661 871 1055 2181 34.4 482 144 14^ 1.53 7.1 0.34 125 1.27 9.1 
681 1189 1290 2462 4&2 661 207 28.1 2.17 7.2 0.54 148 1.57 15u2 
701 1559 1378 3407 48.4 695 213 2&6 2.10 6.0 0.50 139 1.54 16.3 

Trace element analyses by ICP-MS (see section 6.3) 
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Depth Mn Co Ni Cu Zn Rb Y Zr Nb Cs Hf Pb Th U 

(cm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

MD96-2091 

2 1'3.7 - - - 119 1(x1 149 17.5 7.5 4.34 8.72 13.6 2 2 8 
21 15.4 - - - 92 15.6 149 14.1 7.2 4.29 8!80 1Z6 2U6 
41 16.1 - - - "^40 14L5 157 18.4 8.3 4.15 8.75 15.7 2 1 8 
61 1&1 - - - 164 14.6 145 19.3 9.8 4 ^ 0 8.06 16.7 2.43 
81 14.3 - - - 152 16.1 171 18.7 10.2 4.56 8.04 16.6 2.46 

121 15.4 - - - 158 15.2 148 17.4 10.3 4.04 7.77 15.6 2.36 
321 13.7 - - - 171 17.1 148 18^ 11.7 4.13 8.39 15.9 2.38 
341 13L1 - - - 160 14.5 132 17^ 10.3 3.74 8.15 16^ 2.31 
361 1&4 - - - 167 14.9 141 18a 10.0 3.82 7.74 17.0 2.40 
381 17\1 - - - 173 15.5 140 19.1 10.2 3.88 8.31 17^ 2.45 
5 ^ 8.1 - - 110 11.0 128 14.0 4.9 3.35 7.59 11.6 l a g 

611 1 4 j - - - 145 16.7 124 10.5 8.5 3.55 7.10 12^ 2.11 
641 13.0 - - - 110 18.1 162 16^ 8.3 4.44 8.44 12.3 2 a 5 
651 1 2 5 - - - 113 1&9 137 17.8 9.7 3.73 7.78 12.5 2.35 
661 12L2 - - - 105 1&7 155 19^ 10,6 4 ^ 3 9.65 13^ 2.65 
681 12.6 - - - 114 16.0 136 17^ 9.8 3.91 8j^ 12.9 2.42 
701 1^3 - - 121 15^ 135 14^ 9.4 3^8 8^8 12a 2.35 
761 12^ - - - 154 14^ 138 17^ 10.6 4.21 9M3 15.3 2.29 
961 15.2 - - - 189 15.9 148 20.3 11.9 4 J # 8.20 18.0 2.58 

1041 1Z3 - - - 106 15.9 156 18.6 8.7 4.37 7.70 1&7 2.91 
1082 12M " - - 137 14.9 140 16^ 10.0 4^8 19^2 15.0 2.44 
rMi 16.0 - - - 162 13.5 131 1&8 10.6 3 J 3 7.85 16.9 2.38 
1161 14.5 - - - 162 1&9 125 1A9 10.2 3.61 7.15 15a 2.17 
12m 16^ _ - - 168 15M 158 20.0 9.6 4.52 9.01 1&0 

Trace element analyses by ICP-MS (see section 4.3) 
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Glossary 

AABW - Antarctic Bottom Water 

AAIW - Antarctic Intermediate Water 

CDW - Circumpolar Deep Water 

HDEHP - Di(2-ethylhexyl) phosphoric acid organic extractant 

HH - Hydroxylamine hydrochloride in 25% acetic acid 

ICP-AES - Inductively Coupled Plasma - Atomic Emission Spectromtry 

ICP-MS - Inductively Coupled Plasma - Mass Spectrometry 

IMAGES - International Marine Change Study 

LGM - Last Glacial Maximum 

MAR - Mass accumulation rate 

NADW - North Atlantic Deep Water 

NAUSICAA - Namibia Angola upwelling system and Indian/Atlantic connection 

OA-AO - 0.2M oxalic acid + 0.2M ammonium oxalate 

PAAS - Post Archean Australian Shale 

PTFE - Polytetrafluoroethylene 

PW - Content of pore water in weight of bulk sediment (g/g) 

REE - Rare earth elements 

( L R E E ) - L % ^ f R 2 E 

O W R E E ) - M M d k I U % i 

SACW - South Atlantic Central Water = 

SOC - Southampton Oceanography Centre 

SPECMAP - Spectral Mapping Group 

SR - Sedimentation rate (cm/kyr) 

TIMS - Thermal Ionization Mass Spectrometry 

WBD - Wet bulk Density (g/cm^) 

WOCE - World Ocean Circulation Experiment 
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