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General Outline 

 

This PhD thesis summarizes doctoral research, carried out between 2002 and 2005 at the 

University of Bremen, Germany. The major elements of this thesis are represented by three 

manuscripts and are submitted to different international peer-reviewed scientific journals. As 

result of the interdisplinary project A6 of the Research Center Ocean Margins (RCOM), the 

central issues of the research deal with investigation of sedimentation processes in the 

Southeast Atlantic and their relation to ocean circulation and African climate variability 

during the Middle to the Late Miocene. This thesis opens with an introduction (Chapter 1), 

briefly reviewing the Miocene and modern climate conditions, oceanographic setting, and 

sedimentary processes of the study area. Moreover, in this chapter a brief review of different 

approaches and methods that were applied are given. 

 

In order to minimize duplication due to the organization of this thesis into a series of 

manuscripts, references have been removed from each manuscript and are cited in a single 

reference list at the end of this thesis. 
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Abstract 

 

This study focuses on variability in carbonate and terrigenous sedimentation in the South 

Atlantic in relation to changes in global climate and ocean circulation in the Middle to Late 

Miocene. The period of Miocene contained the phase of interesting climate and ocean 

distribution evolution. One of the interesting phenomenons is what so-called ‘carbonate crash’ 

event that first has been identified in the eastern Equatorial Pacific. Identical occasions were 

recognized in the western Equatorial Atlantic and Caribbean Sea. The global event such the 

opening and closing of gateways during the transition between the Middle to Late Miocene 

was believed to trigger this event. The same event is also recognized in the Southeast Atlantic 

Ocean, but little is known about their driving forces and the variability of the sedimentary 

process in this area. For this purpose ODP Sites 1085(1713 mbsf) and 1087 (1372 mbsf), 

drilled on the continental margin off Namibia, and ODP Site 1265 (3060 mbsf), drilled on the 

northwestern flank of the Walvis Ridge were investigated. 

 

At ODP Sites 1085 and 1087, the changing pattern and climate-induced variability in 

carbonate and terrigenous deposition from 12.5 to 7.5 Ma have been reconstructed using 

detailed grain-size analysis. High-resolution grain-size analysis and end-member modelling 

were performed on terrigenous fine fraction to display temporal variation in dominant 

sediment transport processes to the Atlantic Ocean and to obtain an overview of the evolution 

in continental climate during the Miocene. Furthermore, detailed grain-size analysis of 

carbonate fine fraction was carried out to signify the composition and temporal variation of 

the calcareous sediment. During the Middle to Late Miocene, two prominent ‘carbonate 

crash’ event have been identified. Together with clay mineralogy and bulk sediment 

parameter analyses, the results of grain-size analysis of carbonate and terrigenous fine fraction 

revealed that these carbonate crash events are mainly caused by a combination of dilution due 

increased terrigenous supply linked to sea-level lowering and changing in calcareous 

nannoplankton production.  

 

At Site 1265 the detailed grain-size distribution of the calcareous sediment compounds for 

paleoceanographic reconstruction. In this study, the coarse silt mode is applied to reconstruct 
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carbonate dissolution for Miocene sediments. The assumption is that carbonate dissolution 

causes fragmentation of foraminifer tests. Since coarse carbonate silt comprises mainly of 

fragment and juvenile foraminifers, dissolution causes not only a relative decreases in sand 

content, but also a decrease in coarse carbonate silt fraction. Therefore, changes in deep-water 

mass carbonate corrosiveness were estimated from grain-size analysis of the carbonate silt 

fraction, from sand content, and from planktonic foraminiferal shell preservation. Our dataset 

shows that in the study area, winnowing and dissolution have acted as the principle processes 

controlling the variation of carbonate contents at the Walvis Ridge during the Miocene. 

Variability in carbonate content in the Walvis Ridge is related to the global changes in deep 

water chemistry and the variations in southern component of deep-water production during 

the interglacial-glacial conditions. Interestingly, the ‘carbonate crash’ event was not 

documented in the sediment record. On global scale, the comparison with other events in 

eastern Equatorial Pacific, western Equatorial Atlantic and Caribbean Sea gave evidence that 

the carbonate crash events appeared with different controlling factor. 
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1. Introduction 

1.1. Overview of Miocene paleoceanography and paleoclimate evolution  

1.1.1. Miocene climate change  

The Cenozoic is characterized by long-term continuous change in climate system, 

drifting from warm with ice-free poles during the Paleogene to cold with massive continental 

ice sheets and polar ice caps in the Neogene (Zachos et al., 2001b) evidenced by deep-sea 

oxygen isotope records as well as multiple evidence from sedimentary marine and continental 

records (Fig. 1). The variations in the amplitude of the Cenozoic deep-sea δ18O signal largely 

reflect on changes in continental ice-volume and temperature (Zachos et al., 2001b). Positive 

shifts of oxygen isotopic values are interpreted as expansion and establishment of the 

Antarctic ice sheet that is accompanied by deep-water cooling. One of the major controlling 

factors that drive long-term climate is plate tectonics, including volcanism, opening and 

widening of Antarctic gateways (Tasmanian and Drake Passages), collision of Himalayas and 

Tibetan Plateau, uplift of Panama and closure of Central American Seaway (e.g., Haq et al., 

1987; Kennett et al. 1985; Wright and Miller, 1996; Zachos et al. 2001a). Each of these 

tectonically driven events triggered a major shift in the dynamics of the global climate 

system. 

The Neogene period is notable for major changes in climate. The global cooling trend 

progressed through the Oligocene/Miocene boundary (Miller et al., 1991; Wright and Miller, 

1993). Temperatures appeared to have warmed in the early Miocene, with a return to glacial 

conditions in the middle Miocene (Zachos et al., 2001b). Following the Miocene climatic 

optimum in the early Miocene (17 – 15 Ma), the Middle to Late Miocene is characterized by 

long-term global cooling periods and re-establishment of a major ice sheet on Antarctica by

10 Ma (Miller et al., 1987, Wright et al., 1992). This trend is superimposed by several brief 

periods of intensive glaciation called Miocene events (Miller et al., 1991).  

The cause of climate variability during the Miocene can be controlled by changing of 

the atmospheric pCO2 and/or changes in oceanic heat and atmospheric water vapour transport. 

Pagani et al. (1999) attempted to reconstruct the atmospheric CO2 based on alkenone δ13C 

records. They suggested that the overall lower value of pCO2 indicate that changing pCO2 
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Figure. 1. Cenozoic deep-sea stable isotope record based on a compilation of benthic foraminiferal 
data from several pelagic cores (Zachos et al., 2001a). The oxygen isotope record mainly reflects on 
changes in deep-water temperature and ice volume. Mi-1 and Ol-1 represent a glaciation of Antarctica. 
Brown bars represents time period of this study.  
 

played little role in long-term climate variability during the Miocene. Therefore, changes in 

oceanic heat and atmospheric water transport driven by oceanic gateway configurations are 

considered important climate controlling factor (Pagani et al., 1999; Zachos et al., 2001a). 

1.1.2. Miocene deep water circulation  

The Miocene was a period of geochemical reorganization of the world ocean, e.g., the 

opening of the Tasmanian Gateway and the Drake Passage. According to Pagani et al. (2000), 

the initiation of eastward flow across the Drake Passage and strengthening of the Antarctic 

circumpolar current (ACC) occurred during the Miocene (~15 – 14.5 Ma). This 

oceanographic change points to a major reorganization in the deep-sea circulation and is 

considered as the beginning of the modern ocean thermohaline circulation (Berger and Wefer, 

1996; Woodruff and Savin, 1989). According to Wright et al. (1992) during the Miocene the 
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deep-water circulation changed from a one-component system dominated by Southern 

Component Water (SCW) to a three-component system including SCW, Northern Component 

Water (NCW) and Mediterranean Outflow Water (MOW).  

The Miocene benthic foraminiferal δ18O record shows an increase in values at higher 

southern latitudes and at greater depths, suggesting an important strengthening of deep, 

corrosive SCW flow (Woodruff and Savin, 1989). Data from deep-sea sediment cores indicate 

that North Atlantic Deep Water (NADW) was being formed during parts of the Middle 

Miocene (17 – 11 Ma) (Keller and Barron, 1983; Miller and Fairbanks, 1985; Woodruff and 

Savin, 1989). The flux of NADW increased in the Late Miocene at around 11 - 5 Ma (Billups, 

2002; Keller and Barron, 1983; King et al., 1997; Woodruff and Savin, 1989) and approached 

modern values at the time of final closure of the Central American Seaway (CAS) in the early 

Pliocene (3 – 5 Ma) (Billups et al., 1999). The closure of the CAS is considered to trigger the 

last cooling step in the Cenozoic climate change due to the intensification of the Gulf Stream 

which introduced warm and saline waters to high northern latitudes favouring early Pliocene 

glaciation of the northern continents (Jansen and Sjöholm 1991, Haug and Tiedemann 1998). 

In general, however, there seems to have been little to no NCW production between about 9.7 

and 8.8 Ma (Wright et al., 1991). By 9.4 Ma, all oceans exhibit the same δ13C values, which 

implies a shutdown of NCW production and that SCW strongly influenced the North Atlantic 

(Wright et al., 1991). 

The tectonic event that occurred during the Neogene was the closure of Central 

American Seaway (CAS) between North and South America. The model experiment from 

Nisancioglu et al. (2003) suggested that the shoaling and closure of CAS had strong influence 

to the intermediate and deep circulation in the tropical Pacific, and along the western 

boundaries of the South Pacific and South Atlantic (see Fig. 2). The model results indicate 

that deep water is formed in the North Atlantic when the CAS is open. The reduced rate of 

NADW formation is due to a flow of relatively fresh water from the Pacific to the Atlantic in 

the upper 1000 m of the CAS. Furthermore, they concluded that a sill depth greater than 1000 

m allows the passage of westward jet of NADW into the Pacific Ocean, thus greatly reducing 

the amount of NADW transported to the South Atlantic (Fig. 2a). Thus, at this time the 

equatorial South Atlantic was influenced strongly by carbonate undersaturated deep water 

from Southern Ocean. This interpretation is consistent with studies of Atlantic records that 

suggested a deep calcium compensation depth (CCD) at a depth of about 4 to 4.5 km during 

the Oligocene, but rising to anomalously shallow depths (less than 3.5 km) during the middle 

Miocene before plunging down to greater than 4.5 km depth again in the Early Pliocene (Hsü 
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and Wright, 1985). This event is called, middle Miocene CCD crisis (Hsü and Wright, 1985). 

As the CAS shoals, the flow of NADW to the Pacific is prevented, and the flow of NADW to 

the South Atlantic is enhanced, creating the modern deep-water circulation pattern (Fig. 2b). 

Therefore, the sill depth has a great importance in controlling the flow in the CAS. A study of 

the foraminiferal biostratigraphy in northern South America during the Neogene (Duque-

Caro, 1990) suggesting the idea of a major uplift of the sill to a depth of about 1000 m at ~ 13 

– 12 Ma, disrupting the exchange of deep-water between the Atlantic and Pacific Oceans and 

allowing the relatively young NADW to flow to the equator South Atlantic (Nisancioglu et 

al., 2003). The purposed time for the shoaling of the CAS is close in time to the observed late

 

 
 

Figure. 2. A sketch of the reorganization of the abyssal circulation by the model experiment 
(Nisancioglu et al., 2003). The only sources of deep-water are in the North Atlantic and Southern 
Ocean. (a) Perturbed experiment with a CAS extending to depths below 2700 m, (b) control 
experiment with “modern” bathymetry.  
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Miocene ‘carbonate crash’ event in the east equatorial Pacific. This event was characterized 

by shoaling of lysocline and an almost complete loss of carbonate between 11 and 9.8 Ma 

(Lyle et al., 1995; Farrel et al., 1995). They concluded that this event was caused by 

dissolution due to a relatively small reduction in deep water exchange between the Atlantic 

and Pacific Ocean through CAS. Interestingly, starting about 10.5 Ma, ODP Leg 154 at the 

Ceara Rise in the west equatorial Atlantic experienced a significant increase in carbonate 

preservation (King et al., 1997). Both events are parallel to the model results that predict an 

increased influence of less corrosive NADW in the South as the CAS shoals to 1000 m depth. 

The closing of the CAS caused increased production of NCW (Maier-Reimer et al., 1990) and 

in turn increased the production of Antarctic Intermediate Water (AAIW) and Antarctic 

Bottom Water (AABW). The increased rate of production of these water masses resulted in 

differentiation of nutrients among them (Hay and Brock, 1992). The South Atlantic AAIW is 

the main source of the nutrients upwelled along the Namibian margin (Lange et al., 1999). 

The expansion of ice sheets on Antarctica and strong supply of AAIW to mid-latitude surface 

waters had caused the initiation of the trade-wind-driven Benguela upwelling system around 

11 to 10 Ma (Diester-Haass et al., 1992; Hay and Brock, 1992; Krammer et al., 2005 in press; 

Siesser, 1980). Furthermore, the growth of the Antarctic ice-sheet in the upwelling regions 

progressively decreased moisture levels in the atmosphere in the hinterland (Flower and 

Kennett, 1995), enhancing aridity in Southwest Africa continent at around 10 Ma (Jahn et al, 

2003; Partridge, 1983).  

1.2. Sediment source and transport pathways at the SW African margin 

1.2.1. Overview of continental margins  

Continental margins become important areas for investigation since they are affected by 

both terrigenous sediment supply and marine biology production. They provide main 

deposition for terrigenous sediment, since mass flux occurs across the land-sea boundary by 

rivers and winds (Fig. 3). Supply of terrigenous sediment to the ocean is controlled mainly by 

climate variation in the hinterland that influences weathering process and mode of supply 

(fluvial and/or wind-blown; e.g., Weaver et al., 2000). Besides, these areas are also 

characterized by coastal upwelling and high biogenic production. Both, marine and 

terrigenous sediments are further distributed and redistributed by ocean currents.  

Submarine canyons cut through many of the continental margins. Some of these have 

been carved by turbidity currents, which are bottom currents that carry lots of sediment. Past 

the continental slope, we find the continental rise. As currents flow along the continental shelf 
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and down the continental slope, they pick up and carry sediments along and deposit them just 

below the continental slope. These sediments accumulate (gather) to form the large, gentle 

slope of the continental rise. 

 

 
Figure. 3. Diagram block of sedimentation pattern along the continental margin - ocean floor. 

 

1.2.2. Sedimentation processes along the continental margin off SW Africa 

The Benguela upwelling system that carries cold upwelled water extends along the west 

coast of South Africa and Namibia (SW Africa) between the eastern part of the Walvis Ridge 

and South Africa (15o – 34o S) (Siesser, 1978). Sediments deposited within this system reveal 

high organic matter contents, due to elevated primary biological production and high 

sedimentation rates. Today, the Benguela current is the eastern boundary current of the South 

Atlantic subtropical gyre (Peterson and Stramma, 1991). The western part of the Cape Basin 

and Walvis Ridge are characterized by oligothropic conditions, which are dominated by 

coccolith carbonate production (e.g., Baumann et al., 2003; Burckle et al., 1996).  

The main transport agents supplying terrigenous sediment along the SW Africa margin 

include river discharge, dust supply, shelf erosion, and redeposition by ocean currents. The 
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Orange River is the most important drainage system in SW Africa (Fig. 4). It carries high 

volumes of mud suspension into the South Atlantic where these are further dispersed by 

bottom-currents (Chester et al., 1971, 1972; Summerhayes et al., 1995). Orange River 

discharge is dominated by fine-grained terrigenous material, especially smectite that is 

produced by weathering of Karoo lavas under humid climates in upstream areas (Robert et al., 

2005). The catchment area of the Orange Basin remained almost unchanged since the 

Neogene, but the mean annual input of terrigenous particles decreased during the Neogene, 

most probably due to an increase in aridity from the Late Miocene on (Dingle and Hendry, 

1984, Lancaster, 1984). 

 

 
 
Figure. 4. Bathymetric and topographic map of Southwest Africa and dominant sediment transport 
processes off Southwest Africa. Satellite image of eolian input and fluvial supply are generated from 
the sea-viewing Wide Field-of-view Sensor (SeaWifFs), NASA Goddard Space Flight Centre.  
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In the South Atlantic, eolian dust is transported by SE trade-wind from the Namib 

Desert. Compared to the Sahara Desert in NW Africa, the Namib Desert makes only a minor 

contribution to the total terrigenous material deposited at the continental slope. Namib Desert 

is a coastal strip desert and is influenced by offshore southeastern trade winds. The formation 

of the Namib Desert was initiated around 10 Ma (e.g., Diekmann et al., 2003; J Partridge, 

1983; Westerhold et al., 2005). Dust supply transports fine-grained material from land into the 

Atlantic Ocean. Another possible transport mechanism for the eolian dust deposited in the 

South Atlantic are the so called ‘berg winds’. Berg winds are catabatic winds, which blow 

from the NE, supplying large amounts of eolian dust (Shannon and Anderson, 1982). 

However, berg winds are a local phenomenon occurring only intermittently on annual 

timescales (Stuut et al., 2002b). Illite mainly originates from the Namib Desert and from 

illite-rich soils in Southern Africa, from where it is transported by the berg winds and to a 

lesser degree by the Orange River to the ocean (Bremner and Willis, 1993; Diekmann et al., 

1996; Gingele, 1996). Illite and some smectite reach the Walvis Ridge by long-distance eolian 

transport or within the water masses of the Benguela current (Diekmann et al., 1996). Grain-

size studies on Quaternary sediments from Walvis Ridge reveal that the Namib Desert also 

exports coarse-grained material into the South Atlantic.  

1.3. Grain-size characteristics and brief review of proxy approach 

Particle size and size distribution of the detrital sediments grains have long been used as 

an important tool to ascertain the nature of conditions, dynamic of the transport, and 

depositional process or environment (McCave et al., 1995b). Some previous studies have 

demonstrated that particle size and size distribution do not only reflect the origin and history 

of a deposit, but also reveal production and dissolution patterns when the sediment contains a 

considerable amount of biogenic components (Frenz et al., 2003, 2005; Gröger et al., 2003; 

Stuut et al., 2002b). Therefore, in this section some important applications of grain- size 

analysis in marine sediments are introduced. 

1.3.1. Characterization of the sedimentary environment 

Terrigenous sedimentation along continental margins is strongly influenced by various 

sources and different transport processes (e.g., Holz et al., 2004; Koopmann, 1981; Pye, 1987; 

Sirocko et al., 1991; Stuut et al., 2002b). As a consequence, grain-size distribution represents 

a mixture of sediment populations corresponding to different mechanisms of production 

and/or transport (Weltje and Prins, 2003). Terrigenous sediment is mainly a mixture of 
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components transported by the wind and a hemipelagic component derived from fluvial 

sources (Prins and Weltje, 1999). Therefore, it contains the important key for reconstructing 

paleoclimatic evolution over geological time span. 

Reconstructions of paleoclimate from siliciclastic deep-sea records depend on the 

capability of distinguishing the origin of the sediments (eolian versus fluvial). Koopmann 

(1981) has successfully developed a useful tool to differentiate eolian from fluvial sediment 

supply and current setting called “Koopmann index”. In his study along NW Africa 

sediments, he applied a semi-quantitative index based on the relationship between percentage 

of the terrigenous fine fraction (< 6 µm) and the modal grain size of terrigenous silt (> 6 µm). 

The Koopmann index distinguishes eolian dust by an increase of the modal grain size with 

increasing proportion of coarse silt. Inversely, high amount of fine grain size particles (< 6 

µm) indicates dominance of fluvial discharge. Some studies that applied this concept were 

then carried out in different areas, e.g., in northeast Africa (Tiedemann et al., 1989), northwest 

Indian Ocean (Sirocko and Sarnthein, 1989). They used a 6 µm fraction as a partition of 

eolian and hemipelagic sediment. Furthermore, Rea and Hovan (1995) combined the 

techniques of physical and geochemical characterization of the silicate mineral component in 

the interpretation of oceanic sediments in North Pacific Ocean. They argued that the fine 

grain-size of the eolian dust in the Pacific Ocean is the result of the distant location of the 

source area, the Chinese Loess Plateau.  

However, marine sediments are also affected by different processes and transport 

mechanisms, such as ice-rafted detritus, turbidites or contourites that make the identification 

and interpretation of the individual process more complicated. Weltje (1997) has developed a 

mathematical model that is obtained by inversion of grain-size data with end-member 

modelling, the so-called numerical-statistical end-member algorithm. The aim of this method 

is to unravel particle-size distribution into a limited number of subpopulations. This technique 

of unmixing grain-size distribution has been successfully applied to various sedimentary 

environments (e.g., Frenz et al., 2003; Holz et al., 2004; Prins et al., 2002; Stuut et al., 2002b, 

2004; Weltje and Prins, 2003). In these studies, the end-ember modelling has been used to 

differentiate proximal and distal eolian supply and fluvial discharge in South Atlantic, 

northern Chile and Northwest Africa (Stuut et al., 2002b, 2004; Holz et al., 2004). This end-

member modelling also is used to unmix the signals of varying bottom-current speeds and 

iceberg discharge (Prins et al., 2002). 
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1.3.2. Implication of current strength reconstruction 

Many studies used grain-size distribution as an indicator for paleocurrent intensity. 

Ledbetter and Johnson (1976) for the first time tried to correlate grain-size to relative 

paleocurrent intensity. McCave et al. (1995b) have led to the development of the sortable silt 

mean size (Terr. SS), the mean grain size of the 10 to 63 µm terrigenous fractions, as a useful 

parameter for paleo-bottom current intensity. They showed that the fine end of the silt fraction 

(< 10 µm equivalent spherical diameter) is normally cohesive in nature and deposited mainly 

as aggregates together with clay. Therefore, this size spectrum cannot reflect the fluid shear of 

the depositional environment. The mean size of > 10 µm silt, which mainly behaves 

noncohesively during transport and deposition, is an indicator of flow speed. The coarser 

value of the Ter. SS indicates stronger near-bottom flow, selective deposition or winnowing. 

The Terr. SS proxy has given results consistent with other paleohydrographic proxies in a 

number of studies (e.g., Bianchi et al., 2001; Hall et al., 2001, 2003). 

1.3.3. Grain size of the calcareous sediment fraction 

According to Milliman (1993), around 55% of the ocean’s surface is covered by 

carbonate-rich sediments. The Atlantic Ocean is regarded as the largest present day deep-sea 

carbonate sink as it serves as a huge carbonate depocenter, with an average deep calcite 

lysocline of around 4000 to 5000 m depth (Milliman 1993). Within the South Atlantic, most 

biogenic sediments are calcareous and mainly originate from planktonic foraminifera, 

coccolithoporids and pteropods (Baumann et al., 2003). The deep-sea calcium carbonate 

content is controlled by the production of various calcareous micro and nannofossil groups 

and dilution effects such as high input of dust material, river supply of terrigenous sediments 

and re-suspension from the continental shelves. Variations in the grain-size of the calcareous 

compounds might be influenced by ecology and production rates of certain biogenic 

component and by the sensibility to the deep-water chemistry. 

Variation in deep-water carbonate chemistry was commonly estimated by a combination 

of bulk sediment parameters (e.g., such as CaCO3 content, > 63 µm fraction) and by 

examining the preservation/fragmentation of planktonic foraminifera. These parameters are 

the most widely used indicators of changes in calcium carbonate content (e.g., Howard and 

Prell, 1994; Le and Shackleton, 1992; Peterson and Prell, 1985), which were caused by 

dissolution. The sand content of deep-sea carbonates decreases during the dissolution process 

because foraminiferal tests weaken due to carbonate loss and break up into smaller fragments 

(Berger et al., 1982).  
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However, in many cases these parameters produce incorrect and misleading results, 

because they were strongly influenced by fluctuations in the ratio between nannofossils and 

foraminifers and by the influence of dilution by non-biogenic component (Henrich et al., 

2003). Gröger et al. (2003) have successfully demonstrated that a carbonate fragmentation 

index could be determined by analysing the size distribution of bulk carbonate-rich sediments. 

They showed that the ratio in the number of bulk foraminifer tests relative to foraminifer 

fragments decrease provided a useful toll in estimating carbonate dissolution. Moreover, Stuut 

et al. (200a) related the abundance of whole foraminifer tests to that of fragments by means of 

two distinct size fractions (> 90 µm and 25- 90 µm) in calcareous sediments on the Walvis 

Ridge to indicate the dissolution intensity.  

1.4. Objectives of the study 

The main objective of this thesis is to document and understand the processes that 

control the variation in terrigenous and calcareous sedimentation in the South Atlantic Ocean 

in relation to changes in ocean circulation and global climate during the middle to the late 

Miocene. Knowledge of the sediment source and transport pathway, together with clay 

mineralogy composition provides groundwork for paleceanographic and paleoclimate studies. 

Therefore, the main questions are: (1) What are the main processes that control the supply and 

composition of the terrigenous and carbonate fraction of the Miocene deep-sea sediments in 

the southeast Atlantic? (2) What are the implications of the results to the reconstruction of 

past climate and oceanography conditions? (3) What information can be derived concerning 

climate history of SW Africa during the Miocene?  

To answer these questions ODP Sites 1085 (1713 m water depth) and 1087 (1372 m 

water depth), which are drilled n the southern part of the Cape Basin during Leg 175 (Fig. 5), 

have been selected to reconstruct the history of changes in biogenic deposition and 

preservation, as well as in the sources and supplies of terrigenous input, by fluvial (Orange 

River), eolian supply (Namib Desert) and bottom current activity off Southwest Africa, as 

well as deep ocean chemistry during the Middle to the Late Miocene. Moreover, the closeness 

of both sites to the continent are very useful in identifying the Benguela upwelling and 

southeast wind-trade signals, clues to changes in continental climate and sea-level. ODP Site 

1265 samples, which are drilled on northwestern flank of Walvis Ridge during Leg 208, had 

been utilized to study paleoceanographic changes and carbonate sedimentation in the South 

Atlantic during the Miocene. All study sites are located above calcium compensation depth 
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and within the mixing zone between NADW and SCW, thus being sensitive in water mass 

fluctuations during the Neogene.  

 

 
 

Figure. 5. Location of ODP Sites 1085, 1087 in the Cape Basin, and Site 1265 in the Walvis Ridge, 
southeast Atlantic and modern surface and deep water currents. Map is generated from Stuut et al. 
(2002b).  
 

1.5. Material and methodical approaches 

In this study a total of 340 deep-sea sediment samples from the southeast Atlantic were 

analysed with respect to their grain-size distribution. All the methods and laboratory 

procedures applied in this study are presented in Fig. 6.  

1.5.1. Bulk sediment and sand fraction 

All samples of this study were first freeze dried, and an aliquot of ~ 1 g was measured 

for total organic carbon (TOC) and carbonate contents using a LECO CS 200. The procedure 
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Figure. 6. Flow chart of the laboratory methods used in this study (SG #1/2: Sedigraph analysis; LP 

#1/2: Laser Particle sizer analysis, GSD: grain size distribution, XRD; X-Ray diffraction analysis. 
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includes the determination of total carbon content (TC) and total organic carbon (TOC) 

contents. Calcium carbonate content was then calculated using the following equation; 

 

CaCO3 wt.% = [TC (wt.%) – TOC (wt.%)] * 8.33 

 

The remaining sample amount was separated by wet sieving into sand (> 63 µm) and 

fine fraction (< 63 µm). The sand fraction was then dried and its weight percentages were 

calculated. The sand fraction from Site 1265 was then subdivided by dry sieving at intervals 

of 63, 125, 250, 500 and 1000 µm. The 125 to 500 µm was split in half, and aliquots of this 

material containing a minimum of 300 particles were used to establish the preservation index 

according to the procedure described by Bassinot et al. (1994).  

1.5.2. Clay fraction 

Clay particles (< 2 µm) were splitted from silt particles (2 – 63 µm) by repeated (20 – 50 

times) settling procedure based on Stokes’ law using Atterberg settling cylinders. Stokes’ 

Law predicts the settling velocity of a sphere in a fluid. Stokes’ law is:  

 

Settling velocity = 2/9[(Densitysphere - Densityfluid)(radiussphere)2 g ]/ Viscositysphere  

 

A practical application of Stokes’ Law is the determination of size fractions of particles 

in sediment samples. The sediment sample is dried, weighed, disaggregated, and mixed into a 

known volume of water contained in a tall glass cylinder. The height of solution in the 

cylinder is measured, and the settling velocities of different size particles (clay, silt, sand) are 

calculated from Stokes’ Law. Two different dispersing agents were used in this study. Sodium 

carbonate (Na2CO3, 0.25 g/L) was used on samples that have relatively low carbonate content 

(< 80 wt.%), whereas calgon ((NaPO3)n, n = 25; 0.05%) was employed for the samples with 

high carbonate content (> 80 wt.%). The settling time varied between 19 and 22 h depending 

on the current temperature. During this step, magnesium chloride (MgCl2) solution was added 

to the clay suspension to accelerate the aggregation of clay particles. Before the clay fraction 

was dried and weighed, the magnesium chloride was removed by centrifugation. A sub-

sample of ~ 1 g clay was then separated for carbonate clay determination by LECO analysis. 

Moreover, clay fraction was treated with 3% hydrogen peroxide solution and 10% acetic acid 

for dissagregation and removal of organic carbon and carbonate. Clay mineral assemblages 

were then determined on carbonate-free clay fraction using X-Ray Diffraction (XRD) on 
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glycolated preferentially oriented clay mounts, according to the techniques of Ehrmann et al. 

(1992) and Petschick et al. (1996). 

1.5.3. Silt fraction 

In this study, both the lithogenic (carbonate-free) and biogenic silt components have 

been investigated following the standard technique of McCave et al. (1995b). The grain-size 

distribution of the silt fraction from Site 1085 and 1087 were measured with a Micromeritics 

SediGraph 5100. This device, which employs x-ray attenuation technology to verify the 

particle-size distribution of an aqueous suspension, determines particle sizes in the range of 

0.1 to 300 µm (Coakley and Syvitski, 1991) from a dispersed suspension based on Stoke’s 

law. A detailed description of the measurement principle is provided by Stein (1985). The 

SediGraph method assumes that the particles are dispersed in a fluid and settle in accordance 

to Stokes' Law. Particle size analysis is determined in terms of equivalent spherical settling 

velocity. The SediGraph monitors the rate at which particles settle, and it determines the 

concentration of particles remaining at specific depths and times in a suspension-filled cell. 

The SediGraph measures the amount of x-ray attenuation that occurs in clear water and 

compares that to the x-ray attenuation in a sediment suspension. An accurate measure of the 

cumulative size distribution of the settling particles is determined. Most any type of sediment 

can be analyzed, but samples rich in magnetic minerals and organics (carbonate) may give 

problems. Like all size-analysis techniques samples must be pre-treated to remove 

flocculating agents, cements, organic matter, soluble (salt), etc., to obtain an accurate reading 

of the grain size distribution.  

For bulk silt size measurement, approximately 1 to 4 g of dried sampled was 

disaggregated in 0.05 % calgon solution (sodium polyphosphate). For determination of 

carbonate-free silt size distribution, the silt fraction was decarbonised by 0.25 N HCl and 

washed repeatedly with distilled water until pH neutral. Afterwards, carbonate-free silt was 

analysed following the procedures described for the bulk silt fraction analysis. The weight 

difference of the sample before and after the decarbonisation gave the carbonate content of 

the silt fraction. The grain-size distribution of the carbonate silt was then calculated by 

subtracting the bulk silt size distribution to the relative terrigenous silt size distribution in 

each size classes.  

Grain-size distribution measurement could not be carried out by the SediGraph in cases 

when the amount of sediment is less than 1 g, because low amounts of sediment affect the 

concentration of the solution in the mixing chamber that is needed for the measurement. The 
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silt fraction at Site 1265 has a low amount of carbonate-free component (<1 g). Therefore, for 

this samples, silt size distribution were conducted using two devices. These are the 

Micromeritics Sedigraph 5100 (for bulk silt distribution) and a Coulter LS200 Laser particle 

sizer (for carbonate-free silt distribution).  

The Coulter Laser technique measures the size distribution in turbulent flow. A Coulter 

LS200 laser particle size analyzer that employs a laser beam and light scattering theories to 

determine the particle size distribution of samples having particles that range from 0.05 to 

2000 µm 1 in size. In this study, the particle size of carbonate-free silt fraction was 

determined from 0.4 to 100 µm in 61 size classes. Unlike the Sedigraph this system does not 

perform sedimentation analysis, but rather is a sophisticated particle counter that uses light 

scattering to determine the particle-size distribution of a sample. Laser sizing utilizes the 

principle that grains of different sizes diffract light through different angles; a decrease in size 

produces an increase in diffracted angle. A lens is placed between the illuminated samples 

with the detector at its focal point, which focuses the undiffracted light to a point at the centre 

of the detector. This leaves a surrounding diffraction pattern that does not vary with particle 

movement. Laser-sizing equipment usually has at least three lenses (63, 100, and 300 mm) 

with which particle size can be determined. 

1.6. Overview of own research 

In Chapter 2 (Kastanja et al., revised), the grain-size study in the southeast Atlantic 

(ODP Sites 1085 and 1087) reveals temporal variability in terrigenous supply and carbonate 

sedimentation during the Middle to Late Miocene. Together with geochemical bulk 

parameters (CaCO3, TOC) and clay mineralogy analysis, the variability of sediment supply 

and distribution in relation to the initiation of Benguela upwelling system and ‘carbonate 

crash’ events were followed. This study indicates variability in terrigenous sediment supply 

off Southwest Africa during the Middle to Late Miocene that was related to the climate 

change. Moreover, this study also identifies that the Middle Miocene‘carbonate crash’events 

at SW Africa were controlled mostly by complex interactions of local processes, including 

changes in biogenic export production and high sedimentation rates that was caused by 

erosion due to the lowering of sea-level. 

In Chapter 3 (Kastanja et al., subm.), the grain-size distribution and composition of the 

calcareous silt component of deep-sea sediments from the Walvis Ridge (ODP 1265) was in 

the focus of interest. In this study, the grain-size variation in calcareous silt sediment is 

applied as fragmentation/preservation indicator due to its more independent characteristic of 
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disturbing influences. The comparison of calcareous silt content with other classic dissolution 

proxies (e.g., sand fraction content, CaCO3 content, and foraminiferal preservation index) 

reveal that the calcareous silt content can be considered as a useful proxy for carbonate 

dissolution. The result of this study shows that increases in carbonate dissolution result in a 

decrease in amounts of calcareous silt. The calcareous silt preservation index indicates 

fluctuations in foraminiferal lysocline during the Miocene CCD crisis and its implication to 

ocean circulation. Variations in carbonate content during the Miocene in the study area are 

mainly controlled by dissolution and winnowing, which in turn is driven by changes in ocean 

circulation distribution. Prior to the Miocene climatic optimum (~17 – 15 Ma), the CaCO3 

concentration is controlled by a combination of winnowing and dissolution, suggesting the 

domination of corrosive SCW deep-water supply. This caused the rise of the foraminiferal 

lysocline. The initiation of less corrosive NADW deep-water flow into the equatorial South 

Atlantic occurred after 14 Ma, following the shallowing of CAS sill.  

Chapter 4, (Kastanja et al., in prep.) summarizes the sedimentation processes and 

climate conditions during the Late Miocene on the continental margin off southwest Africa 

(ODP Site 1085) using grain size distribution of the terrigenous silt fraction filtered by an 

end-member modelling algorithm. Grain-size patterns at the studied site show that the 

terrigenous sediment is generally dominated by a fine-grained fraction down-core, which, 

however, reveals considerable temporal variability in terrigenous supply. It is demonstrated 

that the end-member modelling can be applied on fine-grained fraction off Southwest Africa 

to differentiate fluvial transport process from dust input and provides clues for climate change 

in southwest Africa during the Miocene. With this model, four accumulation patterns are 

distinguished. Including further support by geochemical parameters (Fe and Ti intensities) 

and clay mineralogy records, the complex interaction of sediment supply and its relation to 

palaeoclimate variation are traced.  
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2.1. Abstract 

This study deals with the variability of biogenic carbonate and terrigenous depositional 

patterns in the Cape Basin area of the South Atlantic during the Middle to the Late Miocene 

focusing on ODP Sites 1085 and 1087 sediments at the Benguela Upwelling area, Southwest 

Africa. The investigations are based on grain-size analysis and clay mineralogy. The 

sedimentary records at both sites provide information about climate and environmental 

changes. The direct input of terrigenous material from southwestern Africa is driven by a 

complex interaction of river and wind transport, and ocean currents. The river input is 

dominant in the Middle Miocene, signifying humid climate on the continent. The considerable 

amount of dust input derived from the Namib Desert started to become important after 11.2 

Ma, pointing to a prominent initiation of SE trade wind that coincided with the establishment 

of the wind driven Benguela upwelling system. A major drop in CaCO3 concentration between 

10.4 and 10.1 is caused mainly by changes in calcareous nannoplankton production, while 

another drop between 9.6 and 9 Ma is triggered by a combination of production changes of 

calcareous nannoplankton and dilution, in response to high river supply during global lowering 

of the sea level.  

 

Key words: silt analysis, clay mineralogy, Benguela Upwelling, Miocene. 
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2.2.  Introduction 

In the course of the Cenozoic climate deterioration, the climate system of the Middle to 

Late Miocene was particularly affected by the expansion of Antarctic ice sheets, the cooling of 

surface and deep water masses, aridification of continents, as well as tectonic processes leading 

to the emergence of the Panama Isthmus and the uplift of Alpine orogens, such as the 

Himalaya Mountains and the Tibetan Plateau (e.g., Haq et al. 1987; Kennett et al. 1985; Wright 

and Miller, 1996; Zachos et al., 2001a,b).  

These changing boundary conditions had a significant impact on ocean circulation, 

nutrient supply and, thus, on the biological productivity of the oceans. Between 12 and 9 Ma, 

some major drops in CaCO3 concentration occurred in the central and eastern Pacific (Lyle et 

al., 1995; Farrel et al., 1995), Ceara Rise (King et al., 1997), and the Caribbean Sea (Roth et 

al., 2000). So far, deep-water circulation changes, shoaling of the Carbonate Compensation 

Depth (CCD), and dissolution process were generally believed as possible causes of this so 

called “carbonate crash” event. Recently, this event has also been described in the southeast 

Atlantic Ocean (Diester-Haass et al., 2004; Krammer et al., in press; Westerhold et al., 2005). 

According to Diester-Haass et al. (2004), major increases in clastic input via the Orange River 

during the global sea level regressions formed the principle cause of the carbonate crash in the 

Southeast Atlantic, whereas carbonate dissolution as reflected on benthic/planktonic (B/P) ratio 

of foraminifers is not related to the carbonate drops. Their study based on the concentrations of 

terrigenous particles in the > 40 µm size fraction and abundance of > 63 µm shelf-derived 

particles as proxies of total clastic delivery and transport energy. However, coarse fractions 

only give small contribution (< 5% of total sediment) to the bulk sediment, which is dominated 

by nannofossil ooze and terrigenous clay fraction (Wefer, Berger, Richter et al., 1998). In 

contrast to the findings from Diester-Haass et al. (2004), Krammer et al. (in press) proposed, 

on the basis of calcareous nannoplankton evidence, that the major CaCO3 depression was 

rather controlled by variation in nannofossil carbonate production than by dilution of 

terrigenous material. 

Although the causes of the Middle Miocene carbonate crash event along the western 

continental margin of South Africa has been investigated in much detail (Diester-Haass et al., 

2004; Krammer et al., in press), our knowledge on the variability of the sedimentary process in 

this area is still poor and their driving forces are not fully understood. Here, we present clay 

mineralogical, bulk geochemical, and grain size distribution data from SW Africa (ODP Sites 

1085 and 1087). This study is intended to give new insights into the controlling factors on 

sediment deposition during the Middle to the Late Miocene in relation to the ‘carbonate crash’ 
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event and the development of Benguela upwelling. Detailed investigations of both terrigenous 

and calcareous sediment fraction clearly bear a high potential to evaluate controls on sediment 

transport and variation in production of pelagic carbonates. Because of their proximity to the 

continent, the sediment records at both sites are very useful in detecting upwelling signals, 

changes in biogenic carbonate deposition, and preservation, as well as in the sources of 

terrigenous sediment input, by fluvial (Orange River) and eolian (Namib Desert) supply.  

2.3. Background and regional setting 

The Benguela upwelling system (Benguela Current) carries the northward flowing, cold, 

upwelled water found at the western coast of South Africa and Namibia (SW Africa) between 

15o S and 34o S (Siesser, 1978). This system is characterized by high productivity (> 180 g 

C/m2/yr) and high sedimentation rates (Berger, 1989). Today, the Benguela Current is the 

eastern boundary current of the South Atlantic subtropical gyre (Peterson and Stramma, 1991).  

The Middle to Late Miocene expansion of ice-sheets on Antarctica and associated 

changes in deep-water circulation gave rise to increased latitudinal climate gradients that also 

affected low-latitude processes on the southern hemisphere. The supply of cool intermediate 

waters to mid-latitude surface waters in the upwelling regions progressively decreased 

moisture levels in the atmosphere in the hinterland (Flower and Kennett, 1995), which initiated 

the Benguela upwelling and desertification of the Namib (Siesser, 1978). Accordingly, 

aridification in southern Africa is documented at 10 Ma from isotope and geochemical studies 

in the Walvis Bay (Partridge, 1993), Meteor Rise (Site 1088) at 9.7 Ma from a clay mineral 

study (Diekmann et al., 2003), and Cape Basin at 9.6 Ma based on the oxygen isotope record at 

Site 1085 (Westerhold et al., 2005). This coincided with the first establishment of the trade-

wind-driven Benguela upwelling system around 10 Ma (Hay and Brock, 1992). Furthermore, 

Diester-Haass et al. (1990, 1992) have postulated a northward shift of the Benguela current 

since the middle Miocene that might have strengthened upwelling at about 10.5 Ma.  

Three main transport agents supply detrital sediment from land to the ocean along the 

Southwest African margin: river discharge, ocean currents, and eolian input. The Orange River 

is the only perennial river off SW Africa. It carries high volumes of mud suspension southward 

into the South Atlantic where it is further dispersed by the prevailing bottom currents (Van der 

Merwe and Heystek, 1955; Chester et al., 1971, 1972; Summerhayes et al., 1995). The Namib 

Desert is a coastal strip desert with very strong winds, especially in the south near Lüderitz 

(Rogers, 1977; Bremner, 1978). Grain size studies on Quaternary sediments from the Walvis 

Ridge show that the eolian dust export from Namib Desert to the South West African margin is 
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almost exclusively supplied by the SE trade wind (Stuut et al., 2002).  

 

2.4. Material and methods 

2.4.1.  Site 1085 and 1087 

ODP sites 1085 and 1087 were 

drilled in the Cape Basin. Site 1085 

(29º22.47’S, 13º59.41’E, 1713 m 

water depth) is located at the 

southwestern African continental 

margin, beneath the southern part of 

the Benguela Current upwelling 

region off the mouth of the Orange 

River (Fig. 1). Site 1087 is situated 

in the southernmost Cape Basin

(31º27.91’S, 15º18.65’E, 1372 m 

water depth) (Fig. 1). Today, both 

sites are bathed primarily in Upper 

Circumpolar Deep Water (UCDW) 

near the mixing zone with the North 

Atlantic Deep Water (NADW). 

The sediments in the entire studied section at both sites consist mainly of nannofossil ooze 

(Wefer et al., 1998) with the linear sedimentation rates (LSR) ranging from 2 to 7 cm/ka 

(Westerhold et al., subm.). 

We selected sediment sequences from both sites from the Middle to Late Miocene 

interval. At Site 1085 Hole A samples were taken from cores 43X to 61X (399 - 569 mbsf), 

with sample spaces ranging between 50 and 100 cm. The resolution for the whole section thus 

ranges from 8 to 100 ka. At Site 1087, samples were taken from 310 mbsf to 405 mbsf (cores 

35X to 44X). This core covers the time interval of the Late Miocene only. Sample spacing 

ranges between 100 and 200 cm, providing an average resolution of 40 ka.  

 

 

 

Figure 1. Location of ODP Sites 1085 (1713 m) 
and 1087 (1371 m) on the continental slope of the 
Cape Basin, southeast Atlantic. Map is redrawn 
from Stuut et al. (2002). 
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2.4.2.  Age model and mass accumulation rates 

The age model and the bulk mass accumulation rates (MAR bulk) calculation were 

provided by Westerhold et al. (2005). The age model was generated by orbital tuning of a high-

resolution composite XRF-Fe intensity record of ODP Sites 1085 and 1087 (Westerhold et al., 

2005). MAR of individual components was calculated by multiplying the MAR bulk with the 

proportion of the respective sediment component. 

2.4.3.  Analytical procedure 

For the grain size analyses, ~ 20 cc sample was split into three grain-size fraction, sand (> 

63 µm), silt (2 – 63 µm) and clay (< 2 µm). The relative proportions of each fraction were then 

determined. Furthermore, the lithogenic silt and biogenic silt components have been 

investigated following the standard technique of McCave et al. (1995a). To determine the 

particle size of the silt fraction, a Micromeritics Sedigraph 5100 was used over the 0.1 to 63 

µm ranges. In this study we employ the grain-size analysis on terrigenous silt fraction to 

emphasize the variation of paleo bottom-current strength and dust input. Besides, the grain-size 

analysis on calcareous silt fraction allows us to distinguish the larger juvenile foraminifers and 

foraminiferal fragments from smaller nannofossil placoliths by a clear minimum of both 

constituents at a modal grain size of 8 µm (Frenz et al., 2005). 

One g of the freeze dried bulk sediment and clay fraction samples were set aside for total 

carbon (TC) determination, measured with a LECO-CS 200 elemental analyzer. This device 

also quantifies total organic carbon (TOC) contents after removing the carbonate using HCl. 

The CaCO3 concentration was then calculated using the following equation: 

CaCO3 = (TC – TOC) * 8.33. 

The clay fraction was analyzed for the four main clay mineral groups kaolinite, smectite, 

illite, and chlorite following standard procedures of Petschick et al. (1996). The proportions of 

each mineral were calculated semi-quantitatively from weighted XRD peak areas (Biscaye, 

1965). Additionally, illite chemistry was assessed using the ratio of integrated 5 Ǻ and 10 Ǻ 

peak areas (Esquevin, 1969).  

2.5. Results 

2.5.1.  Granulometry  

The pattern and composition of sediment records at Sites 1085 and 1087 are relatively 

equivalent (Fig. 2A, B). The bulk sediment fraction at both sites is composed mainly of fine 
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fraction (< 63 µm). Sand fractions are present only in very low amounts with values < 5 wt.% 

at Site 1085 and from 2 to 10 wt.% at Site 1087. The fine fraction is dominated by the clay 

fraction, which in most cases accounts for 60 to 80 wt.%. According to the classification from 

Shepard (1954), these sediments exclusively fall in the field of silty clay to clayey silt (Fig. 

2C).  

The silt fraction is composed mainly of calcareous components (60 – 80 wt.% of total silt; Fig. 

3A). The grain-size distribution of the bulk silt at both sites shows a well-sorted, unimodal, and 

negatively skewed pattern (Fig. 3A). The mean value at Site 1085 is 3.9 µm (8 Φ), whereas the 

value at Site 1087 is 4.5 µm (7.8 Φ). Down-core the bulk silt-size distribution pattern at Site 

1085 does not exhibit any significant shifting. Interestingly, some coarse fraction signals are 

observed at 10.3 and 9.7 Ma at Site 1087 (Fig. 3B). 

 

 

Figure 2. Temporal 
variations of the 
proportions of sediment 
composition at (A.) ODP 
Site 1085 and (B.) Site 
1087. (C.) Sediment 
proportion of the ODP 
Sites 1085 and 1087 in a 
ternary diagram of the 
sand, silt, and clay 
fractions (after the 
classification of Shepard, 
1954). 
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Figure 3. A.) Temporal variation of composition, mean, and sorting values of the silt fraction at Sites 
1085 and 1087 (TS = terrigenous silt fraction, CS = calcareous silt fraction), B.) bulk silt size 
distribution of Sites 1085 and 1087. 

 

2.5.2.  Biogenic sedimentation patterns 

The CaCO3 concentrations are generally about 10 to 20 wt.% lower at Site 1085 than at 

Site 1087 (Fig. 4). The carbonate record shows a comparable pattern with the Ca content from 
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Westerhold et al. (2005) (Fig. 5). At both sites, two dramatic drops in carbonate concentration 

occurred from 10.4 to 10.1 Ma and from 9.6 to 9 Ma (Fig. 4, 5). At this interval CaCO3 

concentrations decrease to about 25 wt.% at Site 1085 and approximately 60 wt.% at Site 1087. 

Both decreases are simultaneous with the ‘carbonate crash’ described by Diester-Haass et al. 

(2004).  

 

 
 
Figure 4. Temporal variation in concentration of total organic carbon (TOC), mass accumulation rates 
of TOC (MAR TOC), concentration of carbonate (CaCO3), and mass accumulation rates of carbonate 
(MAR CaCO3) in sediments from Sites 1085 (black line) and 1087 (grey line). 
 
 

The TOC content at both Sites is similar and generally low, ranging from 0.2 to 0.6 wt.% 

at Site 1085 and from 0.1 to 0.4 wt.% at Site 1087 (Fig. 5). MAR TOC exhibits a pattern 

similar to that for TOC concentrations with values lower than 0.05 g/cm2/ka (Fig. 5). Certain 

periods are characterized by relatively high variability of TOC content and MAR TOC (e.g., 

11.2 – 11 and 10.1 – 9.6 Ma), while the rest of the investigated interval displays only minor 
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variation in amplitudes.  

The grain-size analysis shows that the 

calcareous component at both sites is 

composed predominately of fine silt and 

clay fraction, with minor sand and coarse 

calcareous silt (Fig. 6A). Fine silt and clay 

fraction are composed of calcareous 

nannoplankton, whereas the coarse silt 

and sand fractions consist of foraminifers. 

The calcareous nannoplankton exhibits 

high variability down-core and represents 

the major carbonate share. In this study, 

we calculate the MAR coccolith by 

multiplying the fine silt and calcareous 

clay content to MAR bulk. Our MAR 

coccolith record correlates well with the 

MAR coccolith from Krammer et al. 

(in press) (Fig. 6B). The MAR coccolith 

range between 2 to 6 g/cm2/ka

 and reveal a comparable pattern with the 

bulk carbonate content. Some peaks of 

MAR coccolith value are noted at 11.5 

and between 11 and 10.5 Ma. During the 

Middle Miocene the record of fine 

calcareous silt fraction (2 – 8 µm) shows a 

similar pattern to the total carbonate 

record, but after 10.5 Ma the pattern is 

relatively constant while the total 

carbonate content increased.  

 

Figure 5. Temporal variations of the calcium and 
iron contents at ODP Sites 1085 and 1087 
(Westerhold et al., 2005). Grey bars indicate Miocene 
‘carbonate crash’ event. 
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Figure 6. A.) Temporal variation in calcareous component in sediments at Sites 1085 and 1087 and 
mass accumulation rates of foraminifers and coccoliths, B.) mass accumulation rate of calcareous 
nannoplankton calculated from the calcareous fine fraction (< 8 µm) and of coccolith carbonate based 
on coccolith individuals (Krammer et al., in press) from the same samples. 

 

2.5.3.  Lithogenic sedimentation patterns 

The lithogenic components at both sites are dominated by the clay and fine silt fractions 

(Fig. 7A). The content of coarse terrigenous silt fraction (10 – 63 µm) at both sites is low and 

its variation down-core is independent from LSR and mass accumulation rates of terrigenous 

components (MARterr) patterns. Some declines in the terrigenous clay fraction, which coincide 

with a sharp increase in calcareous clay, are well recognized at 11 to 10.5 Ma and at 10.1 to 9.6 

Ma. A gradual decrease in terrigenous clay fraction is documented at 9 to 7.5 Ma, with values 

reaching 10 wt.%. As a common feature, the record of the terrigenous clay fraction at both sites 

reveals a similar pattern with the record of Fe content (Westerhold et al., 2005) and pyrite 

concentration (Diester-Haass et al., 2004). The MARterr at the studied section, which 

correlates with the LSR pattern (Fig. 7B), vary between 1 and 5 g/cm2/ka. The variation of the 

MARterr is influenced mainly by changes of the MAR of terrigenous clay fraction (MARterr-

clay) (Fig. 7A). Some sharp increases of MARterr-clay from 2 to 4 g/cm2/ka are observed 

between 11.5 and 10.2 Ma. These coincide with slight increases in MAR of fine silt (Fig. 7A), 
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Figure 7. Temporal variations in A.) composition of lithogenic fraction and mass accumulation rates 
of each terrigenous fraction in sediments from Sites 1085 and 1087; B.) linear sedimentation rates and 
mass accumulation rates of terrigenous component (Westerhold et al., 2005), contribution of 
terrigenous material (%) of the total 40-63 µm fraction, concentration of shelf derived particles in the 
sand fraction, and glauconite in the 40-63 µm fraction (after Diester-Haass et al., 2004). 
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which are accompanied by increases in terrigenous matter in 40 to 63 µm fraction, shelf-

derived particle and glauconite content (Fig. 7B) according to Diester-Haass et al. (2004). 

The general statistic for the terrigenous silt grain-size distribution (mean, average, 

maximum) at Sites 1085 (n = 215) and 1087 (n = 63) are shown in Figure 8A. It verifies the 

relatively homogenous and low variability in grain-size composition of the terrigenous silt 

fraction. Silt analysis at both sites show that terrigenous silt is dominated by the fine-grained 

fraction (2 – 10 µm) that ranges from 80 to 85 wt.% of the total silt fraction at Site 1085 and 

from 70 to 80 wt.% of the total silt fraction at Site 1087, respectively. Grain size distributions 

of the fine silt fraction at both sites show unimodal, negatively skewed patterns, and good 

sorting with a mean value around 3.5 µm (7.8 Φ) at Site 1085 and 5 µm (7.6 Φ) at Site 1087 

(Fig. 8B), respectively. Some peaks of the mean terrigenous fine silt values at Site 1087 are 

distinguished between 11 and 10.5, 10 and 9.6, and from 8.5 to 7.5 Ma.  

The coarse silt fraction (10 – 63 µm) exhibits a broad grain size distribution with size 

modes at about 5 and 17 µm (Fig. 9A) and gives only small contribution to the silt fraction. 

The record of terrigenous coarse silt fraction at both sites shows a similar mean value (Fig. 

9B), ranging from 15 to 20 µm (5.6 to 6 Φ). The pattern of mean sortable silt values at Site 

1085 down-core displays low variability compared to the record at Site 1087. The mean 

sortable silt value at Site 1087 shows a coarsening trend from 18 to 20 µm at 10.5 to 10 Ma 

and at 8.5 to 7.5 Ma. This trend coincides with LSRs and the terrigenous sortable silt content.  
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Figure 8. A.) Statistics of terrigenous silt-size distribution at Sites 1085 (n = 215) and 1087 (n = 63); 
maximum, average, and minimum frequency record; B.) grain-size distribution of terrigenous fine silt 
(2 – 63 µm), mean value, and sorting at Site 1085 and Site 1087.  
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Figure 9. A.) Grain size distribution of terrigenous sortable silt (10 – 63 µm) at Sites 1085 and 1087. 
B.) comparison between the mean grain diameters of the terrigenous sortable silt (terrigenous coarse 
silt) with the mean grain diameter of coarse calcareous silt  (10 – 63 µ), following Robinson and 
McCave (1994). 
 

2.5.4.  Clay mineralogy 

The clay mineralogical study at Site 1085 covers the interval of 9.3 to 7.7 Ma, showing 

that the clay mineral assemblage during the Late Miocene is dominated by illite (50 to 60%) 

with minor contribution of smectite (20 to 30%) and equal proportions of chlorite and kaolinite 

(8 to 10 %) (Fig. 10). Illite chemistry (the 5/10 Å ratio) in the whole studied section shows a 

values > 0.5, pointing to Al-rich illite (Gingele, 1996). Clay mineralogy is characterized by 

decreasing smectite content and slightly increasing kaolinite and illite contents. A decrease in 

the S/I ratio and smectite contents are mirrored by illite chemistry.  
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2.6. Discussion 

2.6.1.  Long-term modes and major shifts in sedimentation patterns 

The high carbonate concentration at both study sites suggests a generally high 

preservation of carbonate during the Middle to the Late Miocene (Henrich et al., 2003; Howard 

and Prell, 1994). At both sites, the entire interval is dominated by calcareous fine fraction with 

very low amounts of sand fraction, suggesting that calcareous nannoplankton act as most 

important carbonate producers in the study area (Fig. 7A). High amounts of calcareous 

nannoplankton within the sediment suggest prevailing nannoplankton productivity under 

oligotrophic conditions at temperate to warm sea-surface temperatures (Burckle et al., 1996). 

This is in good agreement with results from the same time interval at ODP Sites 1088 and 1092 

Figure 10. Temporal variation of clay mineralogy 
composistion at Site 1085. 



Chapter 2 

33 

in the Atlantic sector of the Southern Ocean presented by Diekmann et al. (2003). The overall 

relatively constant and low amounts of MAR of calcareous sand and coarse silt fractions 

suggests that carbonate dissolution is not a major process controlling the variation in carbonate 

content. These findings confirm the B/P ratio records from Diester-Haass et al. (2004) that 

showed a negative correlation with the depressions and peaks in carbonate content. 

Our grain size distribution of the terrigenous component is dominated by the fine-silt 

fraction. According to the classification of Höppner and Henrich (1999), the sediment was 

grouped as accumulated sediment transported by suspension. The lower variation of mean 

terrigenous coarse silt values at Site 1085 compared to Site 1087 is due to its location relatively 

near to the sediment source from the Orange River.  

The terrigenous fraction is a composite and can be assembled by various sources and 

different transport processes. At the Southwest African continental margin, Orange River 

discharge and eolian input from the Namib Desert are the main sources supplying terrigenous 

material (Gingele, 1996). Several grain size studies stress the possibility to use the grain size 

distribution pattern from deep-sea cores to determine the relative abundance of sediments 

deposited by hemipelagic and eolian processes (e.g., Boven and Rea, 1998; Holz et al., 2004; 

Koopmann, 1981; Rea and Hovan, 1995; Stuut et al., 2002, Stuut and Lamy, 2004;). Most 

deep-sea cores recovered within hundreds of kilometers off continents are characterized by 

fine-grained eolian dust (2 – 4 µm) with coarse hemipelagic sediments (e.g., Boven and Rea, 

1998; Rea and Hovan, 1995). Since the studied sites are located relatively close (few hundreds 

of km) to the source of the wind-blown sediment, eolian dust could possibly be coarser grained 

than river-derived sediments. Grain size studies on Quaternary sediments at Walvis Ridge, 

Southeast Atlantic showed that the deposited dust derived from the Namib Desert is coarse silt 

sized (Stuut et al., 2002, Stuut and Lamy, 2004). This is supported by the present-day dust 

samples collected along transect from the coast to the core Site at MD 962094, Walvis Ridge 

(Stuut et al., 2002). Furthermore, Rea and Hovan (1995) showed that fine-grained sediments 

along southwestern Africa continental margin are produced by/originate in hemipelagic 

depositional processes and hence should be interpreted with respect to erosion and run off from 

Orange River rather than dust supply.  

According to other deep-sea sediment studies located closer to the continental margins, 

terrigenous sediments with a modal grain size larger than 6 µm in diameter are attributed to 

eolian sediment supply (e.g., Holz et al., 2004; Koopmann, 1981; Stuut et al., 2002). On the 

other hand, the mean size of terrigenous sortable silt (10 – 63 µm fractions) could also be used 

as an indicator of relative bottom current strength (McCave et al., 1995b). Following these 
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interpretations, we assume that coarse silt-size variability at the study area may be used as an 

indicator of paleo bottom-current strength and/or dust supply derived from the Namib Desert, 

whereas fine-grained fractions (fine silt and clay fractions) are attributed to the Orange River 

input. The similar grain-size signals in both coarse calcareous (10 – 63 µm) and terrigenous 

sortable silt fractions during a period from 11.7 to 11 Ma point to a common grain-size sorting 

process that can only be achieved through common current sorting and grain-size selection by 

bottom-water circulation (Robinson and McCave, 1994) (Fig. 9B). On the other hand, 

independent granulometric signals in the biogenic and abiogenic fractions during 11 to 7.5 Ma 

reflect primary and granulometrically unmodified sediment input by biological export 

production and eolian supply. Since dissolution is insignificant, the terrigenous sortable silt in 

this interval is controlled by dust input (Fig. 9B). 

Down core records of high terrigenous clay and fine silt fluxes from both sites imply 

stronger fluvial sediment sources during the Middle to Late Miocene. This time interval should 

correspond to periods of enhanced moisture in, and run off from, the hinterland. The initiation 

of a wind-driven process occurred at 11.2 Ma, which is evident from an increase in coarse 

terrigenous silt content and a coarsening trend, signifying the initiation of the Benguela 

upwelling system and probably less humid conditions in the sediment source region. 

2.6.2. Interplay of terrigenous versus pelagic sedimentation: Middle to early Late 

Miocene (12.5 - 10.5 Ma) 

In this period only sediment samples from Site 1085 have been analyzed. The magnetic 

susceptibility values of sediments from Site 1085 increase during this period (Wefer et al., 

1998), pointing to increases in the amount of clastic components. This corresponds with high 

MARterr and terrigenous clay content, as well as high LSR, suggesting predominantly Orange 

River input, in particular, suspension load. Grain size distribution shows a domination of fine-

grained sediment with good sorting, signifying a long humid condition throughout this period. 

As mentioned above, the sortable silt record during this period can be used as indicator 

for bottom current activity and dust supply. At 11.7 Ma high content and coarse mean of 

terrigenous sortable silt (Fig. 9B), which indicates an increase in bottom current activity, are 

associated with major peaks of Fe content (Fig. 6B), coarse (40 – 63 µm) terrigenous matter 

concentrations, and shelf-derived particles (Diester-Haass et al., 2004). These series of events 

coincide with an increasing trend of the benthic δ18O at ODP Site 1085 (Westerhold et al., 

2005), pointing to a cooling trend and an expansion of the Antarctic ice sheet that would 

induce a lowering of the sea-level. As postulated by Diester-Haass et al. (2004), an increase in 
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bottom current activity at 11.7 Ma might be related to the strong erosion of the shelf resulting 

in transport of sediment loads to the continental slope due to sea-level regression.  

The biogenic carbonate record in this interval shows an increasing trend of MAR 

coccolith that reaches the highest value at 10.5 Ma, indicating a high calcareous nannoplankton 

export production. Interestingly the small sized placoliths (reticulofenestrids; Krammer et al., 

in press), which are a good indicator for high productivity environment, are relatively low and 

constant during 12.5 to 11.2 Ma, suggesting that global cooling and ice sheet development in 

the Antarctic did not affect low latitude processes at that time. In the other words, the Benguela 

Upwelling system and its wind driven atmospheric forcing did not yet exist during this time 

interval, and a prevailing humid climate is to be expected for this period.  

An increase in calcareous clay content after 11.2 Ma, which is accompanied by an 

increase in MAR TOC and MAR coccolith, might probably be related to the initiation of 

Benguela upwelling system. This corresponds with terrigenous coarse silt records that show an 

increase in terrigenous sortable silt content and a coarsening in mean terrigenous sortable silt 

value, suggesting an initiation of southeastern trade winds that carry coarse terrigenous silt into 

the Atlantic Ocean. 

2.6.3.  Early to middle Late Miocene (10.5 - 9 Ma) 

This time interval is characterized by two major depressions in carbonate content, which 

occur between 10.4 and 10.1 and between 9.6 and 9.0 Ma. They are simultaneous with the 

“carbonate crash” event in the equatorial Pacific Ocean (Lyle et al., 1995). So far, these major 

drops are assumed to be caused either by dilution from major increases in clastic input from the 

Orange River during a global sea level regression (Diester-Haass et al., 2004) or it by changes 

in nannoplankton production (Krammer et al., in press). 

Our data shows that at the interval between 10.4 and 10.1 Ma, the drops in carbonate 

content coincide with the strongly decreasing MAR coccolith. If this decrease were controlled 

by dilution, it should be accompanied by an increase in lithogenic components. In contrast, our 

MARterr and the LSR records show a decrease pattern. This is comparable with the terrigenous 

coarse silt record, which shows no significant changes in content and mean value. Accordingly, 

this time interval is also characterized by very low content of shelf-derived particles (Diester-

Haass et al., 2004). Therefore, we propose that the drop of CaCO3 concentration at this time 

interval is not controlled by dilution. This is in good agreement with results of the recent study 

by Krammer et al. (in press), identifying changes in coccolith production as the main 

controlling process on CaCO3 concentration.  
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Furthermore, the depression of biogenic carbonate content at the interval between 9.6 and 

9 Ma is characterized by high amounts of lithogenic components, as well as high MARterr and 

LSR. Shelf-derived particles (Diester–Haass et al., 2004) are also noted at 9.6 Ma, suggesting 

an increased delivery of clastic material from Orange River. At the same time, MAR coccolith 

shows a strong decrease from 4 to 1 g/cm2/ka, indicating a weakening of small placoliths 

production. Therefore, we assume that the declines in CaCO3 concentration at 9.6 to 9 Ma are 

caused by a combination of weakening of coccolith production and dilution, due to a sea level 

regression that shifted the river mouth to the shelf edge (e.g., Diester-Haass et al., 2004; Haq et 

al., 1987;). 

Additionally, this interval is characterized by an increase in terrigenous sortable silt 

content and clear coarsening trend at 10.5 Ma, especially at Site 1087. According to the 

scheme of Robinson and McCave (1994), the pattern in the terrigenous sortable silt indicates 

an increase in dust supply. This is accompanied by an increase in TOC content, signifying an 

increase in productivity. This timing also corresponds with the intensification of the Benguela 

upwelling system at 10 Ma as a result from strengthened southeastern trade winds (Siesser et 

al., 1980; Diester-Haass et al., 1990, 1992). 

2.6.4.  Middle Late Miocene (9 – 7.5 Ma) 

The middle Late Miocene is characterized by a gradual decrease in terrigenous clay and 

Fe contents together with a decrease in MARterr (Fig. 7A). This is accompanied by clay 

mineralogical data that shows a decrease in smectite content. The Cape Province is known as a 

source of smectite, as the weathering products of the Karoo lavas in the upstream areas of the 

Orange River, as well as the highland plateau of Angola drained via the Kunene River 

(Gingele, 1996; Robert et al., 2005). Therefore, smectite at Site 1085 can be considered as a 

tracer for run-off and climate in the Orange drainage basin. Moreover, illite 5/10Å ratio at Site 

1085 is overall above 0.5, representing strong hydrolysis process (Gingele, 1996; Petschick, 

1996). The presence of smectite and aluminum-bearing illite in this interval indicate riverine 

input. Since Site 1085 is strongly influenced by fluvial input due to its location relatively near 

to the river mouth, the decreases of terrigenous silt and total clay contents as well as smectite 

concentration indicates a weakening of fluvial input. This is possibly related to increased 

continental aridity. 

Interestingly, the terrigenous silt records at both sites exhibit a different pattern. The 

mean terrigenous silt value at Site 1085 remains constantly fine (Fig. 8B). In contrast, Site 

1087 which is located relatively far from the Orange River mouth shows a significant 
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coarsening in mean values and increasing content of terrigenous sortable silt. Furthermore, the 

increase of terrigenous sortable silt content is not followed by a significant increase of LSR and 

MARterr, suggesting a strengthening of dust supply. This phenomenon indicates an 

intensification of the southeastern trade winds, which coincides with the biogenic record, 

revealing the domination of small sized calcareous nannoplankton (Fig. 6A). This also 

corresponds with a decrease of organic carbon content, suggesting an increase of carbonate 

productivity (Fig. 5). The increase in small placoliths abundance during this interval indicates 

the presence of cooler surface water at the study area (Krammer et al., in press), signifying a 

strengthening of upwelling. This finding is consistent with the intensification of the upwelling 

system and aridification of Southwest Africa (Partridge, 1993). 

2.7. Summary and conclusion 

This study presents the results of compositional (CaCO3 and TOC), clay mineralogical, 

and grain size investigations (sand/silt/clay proportions and terrigenous silt grain-size 

distribution) on a set of Middle to Late Miocene sediment samples from the SW African 

continental margin. These identify changes in regional climate and paleoceanography of the 

southeastern Atlantic during the Middle to the Late Miocene (Fig. 11). During the Middle 

Miocene, sediment transport is dominated by strong fluvial input, signifying an enhanced run- 

 

 
 

Figure 11. Summary of the sediment records of Sites 1085 and 1087 and their interpretations. 
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off and humid climate in the hinterland. The initiation of a wind-driven process occurred at 

11.2 Ma, which is indicated by an increase in TOC content together with an increase in coarse 

terrigenous silt content and coarsening trend, signifying the initiation of the Benguela 

upwelling system. Two significant drops of CaCO3 concentration between 10.4 and 10.1 Ma 

and between 9.6 and 9 Ma are controlled by different caused. The older drop of CaCO3 

concentration is mainly controlled by variation in calcareous nannoplankton production, 

whereas the younger crash event is caused by a combination of changes in calcareous 

nannoplankton production and dilution. 

During the Late Miocene, river input processes became weak, which is evident from a 

decrease of fine silt and smectite contents, whereas the dust input became stronger, pointing to 

the intensification of wind driven Benguela Upwelling system and period of aridity in the 

hinterland.  
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3.1. Abstract 

A record of variations in winnowing and dissolution was established for Miocene (19 –7 

Ma) deep-sea sediments at Site 1265 from the Walvis Ridge, South Atlantic. In this study we 

apply a new preservation index based on the abundance of coarse calcareous silt fraction (10 – 

63 µm). The Miocene record of this silt preservation index corresponds well with the 

conventional foraminiferal preservation index and variations in sand content. Preservation 

ranging from good to moderate during the Miocene indicates that Site 1265 is located above 

and close to the foraminiferal lysocline. Grain size, mass accumulation rates of carbonate, and 

organic-carbon records indicate that changes in productivity and carbonate production play a 

minor role in variations of calcium carbonate concentration. The Miocene variation in 

carbonate content is caused mostly by a combination of winnowing and dissolution. 

Significant decreases of preservation at 17.3, 16.3, 13.8, 13.0, 11.6, and 10.4 Ma coincide 

with Miocene glacial events (Mi-events). This suggests that dissolution was caused by an

increase of Southern Component Water (SCW) influence, which occurred as a response to the 

intensification of Antarctic ice-sheet development. The SCW acts as the major deep-water 

source during the global Miocene cooling. At 10.4 Ma a change to overall better preservation 

points to a weakening of SCW that occurred as a response to the initiation or strengthening of 

North Atlantic Deep Water (NADW). 
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3.2. Introduction 

The Atlantic Ocean is regarded as the largest present day deep-sea carbonate sink with 

the calcite lysocline at an average depth of around 4000 to 5000 m (Milliman, 1993). The 

Walvis Ridge, a northeast-southwest extending aseismic ridge in the South Atlantic Ocean, is 

blanketed with more than 1000 m carbonate ooze and rises about 2000 m above the 

surrounding sea floor. The surface sediments on the Walvis Ridge are characterized by low 

organic carbon content and high carbonate content, often exceeding 90 wt. %. In contrast, 

near shore sediments on continental shelves and slopes in the same region have considerably 

lower calcium carbonate contents, but also display much higher organic carbon content 

(Baumann et al., 2003). High productivity regimes dominate along the eastern South Atlantic 

continental margin and are characterized by intense upwelling in the Benguela system. 

Instead, the Walvis Ridge area is characterized by oligotrophic conditions, which are 

dominated by coccolithophorid carbonate production. In the late Quaternary section, the 

carbonate records of the Walvis Ridge are strongly affected by variable winnowing during 

glacial and interglacial times (Bickert and Wefer, 1996). Only close to the African continental 

margin a combination of dissolution, dilution, productivity, and variation in carbonate 

production controlled the variation of carbonate contents. 

The position of lysocline and the carbonate compensation depth (CCD) are mainly a 

result of the interplay between the carbonate saturation of deep waters and organic carbon 

production in the surface waters. From hydrographic parameters alone, significant CaCO3 

dissolution would be expected to begin below 4400 m in the Cape Basin. However, studies 

based on the preservation of the planktonic foraminifer Globigerina bulloides (bulloides 

dissolution index - BDX) in South Atlantic surface sediments show that the sedimentary 

calcite lysocline is 400 m shallower at the Walvis Ridge than the hydrographic lysocline, 

coincident with the NADW/AABW interface at approximately 4000 m water depth (Henrich 

et al., 2003; Volbers and Henrich, 2002;). Hence, temporal variation in carbonate preservation 

can be used to reconstruct changes in the position of the lysocline and CCD through time 

(Farrel and Prell, 1989; Henrich et al., 2003; Le and Shackleton, 1992; Stuut et al., 2002a; 

Volbers and Henrich, 2002). According to Hsü and Wright (1985) the CCD in the Atlantic 

rose to an anomalously shallow depth of less than 3500 m during the Miocene, the so called 

“the Middle Miocene CCD crisis”. The authors also postulated that long-term variations of 

calcium carbonate content were related to productivity of the calcareous plankton groups in 
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the open ocean, whereas short-term fluctuations apparently resulted from differential 

dissolution in response to the changing chemistry of bottom waters and productivity of 

calcareous plankton in open ocean settings during glacial/interglacial states.  

In general, the state of preservation of carbonate particles in marine environments 

depends on a variety of factors, including dissolution, sedimentation rates, carbon rain ratio, 

diagenetic regime in the pore water, pCO2 and CO3
2- concentration in the water masses, as 

well as overall size, wall thickness, crystal size, surface texture and porosity of the particles 

(Henrich et al., 2003). Henrich et al. (2003) showed that many of the conventional calcite 

dissolution proxies, such as the bulk sediment parameters and microfossil parameters in South 

Atlantic surface sediments only allow a qualitative characterization of the stage of 

preservation. According to their interpretation, these conventional proxies produce incorrect 

and misleading results in many cases. The processes responsible for these misleading results 

include dilution with non-carbonate material (e.g., input of dust material, river supply), down-

slope re-suspension, and lateral advection and winnowing of sediment by bottom currents, as 

well as changes in ecology (Henrich et al., 2003).  

Gröger et al. (2003) established a new calcite dissolution proxy that is derived from silt 

grain-size analysis, in particular, of the coarse (10 - 63 µm) calcareous silt fraction. In 

addition, Stuut et al. (2002a) demonstrated that a carbonate fragmentation index could be 

constructed in a fast and reproducible way by analysing the size distribution of bulk 

carbonate-rich sediments.  

Little is known about the processes that influence the variation in calcium carbonate 

accumulation and its relation to deep-water circulation in eastern South Atlantic during the 

Miocene. The aim of this study is to gain new insights into the factors controlling calcium 

carbonate variation during the Middle Miocene CCD crisis and to achieve a better 

understanding of its paleoceanographic significance and impact. ODP Site 1265, which is 

located at the north slope of the western Walvis Ridge, recovered continuous and relatively 

undisturbed sediment sequences of the Neogene. Hence, it is ideal for studying the changes in 

deep-water masses throughout the Neogene. In this study we present a multiproxy study, 

combining records of a conventional planktonic foraminifer preservation index and sand 

content with proxies derived from silt grain-size analysis in order to decipher changes in 

carbonate corrosiveness and current strength of deep-water masses during the Miocene. 

Moreover, silt-size analysis is performed on the terrigenous fraction in order to explain 

winnowing and bottom-current activity, allowing a characterization of changes in the 

paleoceanography in the region. Total organic carbon (TOC) and carbonate values of the 



Chapter 3 

42 

coarse (planktonic foraminifers) and fine (calcareous nanno-plankton) sediment fractions are 

used to estimate the paleoproductivity and carbonate production. 

3.3. Miocene deep water circulation 

The Neogene period is notable for major changes in climate. After a climax of relatively 

warm conditions in the late Early Miocene (~ 16 Ma), the Middle to Late Miocene is 

characterized by significant cooling (e.g., Miller and Katz, 1987; Wright et al., 1992). The 

transition from the relative global warmth of the Early Miocene to colder climates of the 

Middle Miocene involved rapid polar cooling, major growth of the East Antarctic Ice Sheet 

(EAIS), a large lowering in global sea-level, and important changes in ocean circulation. The 

main potential controls of the Middle Miocene climatic change are organic carbon burial (e.g., 

Flower and Kenneth, 1993; Vincent et al., 1985;), volcanism (e.g., Hodell and Woodruff, 

1994), the intensity of chemical weathering, and ocean circulation changes (e.g., Miller et al., 

1991; Woodruff and Savin, 1989; Flower and Kenneth, 1993). Stable oxygen-isotope records 

from the southeastern Atlantic at ODP Sites 1085 (Westerhold et al., 2005) show that the 

cooling trend in the Middle to Late Miocene was superimposed by several punctuated periods 

of intensive glaciation (Mi-events, Miller et al., 1991), indicating global deep-water cooling.  

The Miocene was also marked by significant changes in deep-ocean circulation. These 

changes have been connected to the tectonic events involving uplift, closure or opening of 

oceanic gateways. According to Woodruff and Savin (1989), the Middle Miocene benthic 

foraminifer δ18O showed highest magnitude at higher southern latitudes and at greater depths, 

suggesting an important increase in deep, corrosive Southern Component Water (SCW) 

supply in the Middle Miocene. Deep-sea core data signified that North Atlantic Deep Water 

(NADW) was formed in the Middle Miocene (~ 17 Ma) when the Central American Seaway 

(CAS) was still open (e.g., Miller and Fairbanks, 1985; Woodruff and Savin, 1989). Some 

studies of global deep-water circulation patterns during the Miocene have demonstrated that 

Northern Component Water (NCW) or NADW formation was weak from ~ 16 to 12.5 Ma 

(Woodruff and Savin, 1989; Wright et al., 1992; Wright and Miller, 1993), but the flux of 

NADW increased after the Late Miocene (~12.5 – 5 Ma) (Miller and Fairbanks, 1985; 

Woodruff and Savin, 1989), approaching modern values at the time of the final closure of 

CAS in the Early Pliocene (5 – 3 Ma, Billups et al., 1999; Tiedemann and Franz, 1997). Some 

modelling studies demonstrated that the NADW formation remains suppressed due to a flow 

of low-salinity water from the Pacific to the Atlantic Ocean in the upper 500 m of the CAS 

(Heinze and Crowley, 1997; Nisancioglu et al., 2003). A sill depth greater than 1000 m at 
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CAS allows the NADW to flow from Atlantic into the Pacific Ocean, thus greatly reducing 

the amount of NADW transported to the equatorial South Atlantic (Nisancioglu et al., 2003). 

It is generally agreed that a flow of the NADW to the South Atlantic basin had been increased 

by the end of the Miocene at around 10.5 Ma as the CAS shoaled to 1000 m depth (Heinze 

and Crowley, 1997; Nisancioglu et al., 2003). 

3.4. Materials and methods 

ODP Site 1265 (28º 50.10’S, 02º 38.35’E, 3060 m water depth) is located on the 

northwestern flank of the Walvis Ridge just a few hundred meters below the summit (Fig.1). 

Site 1265 has yielded a stratigraphically continuous and expanded sequence of Miocene 

pelagic nannofossil ooze (Zachos et al., 2004). Samples from Site 1265 Hole A, cores 4H – 

9H (36.40 – 80.05 mbsf), equivalent to the Miocene time interval, were obtained. The 

resolution for the entire section ranges between 50 and 360 ka with an average of 140 ka. The 

age-depth model for this site, determined during ODP Leg 208, relies primarily on 

paleomagnetic and biostratigraphic data (Zachos et al., 2004). Data for the bulk mass-

accumulation rates (MAR) at Site 1265A are derived from the shipboard data set (Zachos et 

al., 2004). MAR’s of carbonate component were calculated by multiplying the MAR bulk by 

the proportion of the respective sediment component. 

 
 

Figure 1. Location map showing the position of Site ODP 1265 in the Walvis Ridge. Position of 
studied Site is indicated (white dot). Map is redrawn according to Stuut et al. (2002b). 
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The measurement of total carbon (TC) content on ~ 50 mg bulk sediments and clay 

fraction were performed after drying at 35o C and homogenization on a LECO-CS 200 

elemental analyser (Fig. 2). This device measured TOC contents after removing the carbonate 

out using HCl. The percentage of carbonate was then calculated in weight percentage of the 

bulk sample using the following equation: CaCO3 (wt.%) = [TC (wt.%) – TOC (wt.%)] x 

8.33. 

 

For the particle-size analyses, ~ 20 cc of bulk sediment were washed through a 63-µm 

mesh sieve to remove the sand fraction. To separate the silt from the clay fraction at 2 µm in 

the fraction < 63 µm, the Atterberg settling tube method was performed applying Stoke’s law 

(Fig. 2). The coarse fraction was then sub-divided by dry sieving at intervals of 63, 125, 250, 

500 and 1000 µm. In this study the splits of the 125 to 500 µm size fraction that contained a 

minimum of 300 particles were used to produce particle counts of whole-test planktonic 

foraminifers and shell fragments of planktonic foraminifers. Results are expressed in the form 

of a “preservation index” (Bassinot et al., 1994) calculated as the percentage of whole 

foraminifers to fragments plus whole foraminifers. 

In this study, silt-size analysis 

was conducted using two different 

methods: Micromeritics SediGraph 

5100 and Coulter LS200 Laser 

particle sizer (Fig. 2). To determine 

the particle distribution of the bulk 

silt fraction, the SediGraph was used 

over the 2 to 63 µm range. The 

results from the SediGraph are in wt 

% and are used for calculation of 

different biogenic carbonate 

contribution (foraminifers vs. 

calcareous nanno-plankton), as well 

as an additional proxy for carbonate 

preservation. 

After running the bulk silt 

fraction, in which the frequency
Figure 2. Flow chart of applied laboratory methods. 
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distribution of the total silt was determined, carbonate was removed with 0.25 N HCl. 

Because of occasionally low contents of terrigenous silt (less than 1 g sample), bulk and 

carbonate-free silt fraction analysis were then carried out with the Coulter Laser particle sizer. 

The measured size distributions were analysed from 0.4 to 100 µm in 61 size classes. 

Reproducibility of the laser particle sizer measurements was tested by multiple analyses (n = 

3-4). In the second run the lithogenic residue was measured to obtain the frequency 

distribution of the terrigenous component. Following the methods described by Robinson and 

McCave (1994), the particle-size distribution of the calcareous silt component was obtained 

by subtracting the distribution of lithogenic silt from that of the bulk silt. The results, given in 

vol.%, are used to compare the distribution of carbonate with the carbonate-free silt fraction 

and to determine the bottom-current strength from the terrigenous sortable silt (10 – 63 µm) 

record. A comparison between results from the Sedigraph 5100 and Coulter laser particle 

sizer measurements was made to identify any differences yielded by those methods. In 

general, the two methods gave similar trends in terms of modality, skew and mean values. 

However, it is notable that the sedigraph yielded a finer mode than the laser. That difference 

is considered to result from the different sample preparation methods and by systematic 

analytic discrepancies (settling velocity versus grain diameter) between the two methods. 

3.5. Results and discussion 

3.5.1.  Organic carbon and biogenic carbonate  

TOC contents in the study area is very low (< 0.12 wt.%) (Fig. 3). Generally, organic 

carbon is efficiently oxidized in the water column and at the sea floor, so that only about 0.2 

to 0.3 wt.% of euphotic zone production is preserved in the sediment (Berger et al., 1982). 

The overall low TOC content at the study area indicates that there is scanty organic matter left 

in the sediments in the Miocene. In contrast to that, the Site 1265 record reveals high 

carbonate contents down-core, ranging from 90 to 98 wt.% (Fig. 3). Two significant declines 

in carbonate content are noted between 18 and 17 and between 15.7 and 15.3 Ma, where 

values fall to 90 wt.%. MARcarb at this site are relatively constant and overall low, ranging 

between 0.4 and 0.6 g/cm2/ka, with a slight increase at 11 Ma where values exceed 1.2 

g/cm2/ka (Fig. 3). 

 



Chapter 3 

46 

 
Figure 3. Temporal variation in calcium carbonate content (CaCO3), total organic carbon (TOC), and 
mass accumulation rate of carbonate component (MAR carb) (Zachos et al., 2004) at Site 1265. 

 

3.5.2.  Granulometry: sand/silt/clay ratios  

The granulometry results show that the entire sequence at Site 1265 is composed 

predominantly of fine fraction (Fig. 4A), with some sand fraction, ranging from 5 to 30 wt.% 

with an average of ~ 12 wt.% (Fig. 4A). The fine fraction is dominated by the clay fraction, 

which in most cases accounts for 40 to 60 wt.%. The highest value of clay fraction (75 wt.%) 

is noted between 14.5 and 13 Ma. The average of the silt fraction percentage is 30 wt.%. In 

general, the clay fraction pattern shows an inverse relationship with the silt fraction pattern.  

The grain-size analysis of pelagic sediments at Walvis Ridge from the Miocene provides 

important information about the variable predominance of biogenic carbonate constituents, 

while the terrigenous particles occur only in small amounts, ranging from 2 to 10 wt.% of the 

total sediment (Fig. 4B). According to Frenz et al. (2005), the larger juvenile foraminifers and 

foraminifer fragments could be separated from smaller nannofossil placoliths by a clear 

minimum of both constituents at a modal grain size of 8 µm. At this site, the entire interval is
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Figure 4. (A) Temporal variation of sediment fraction. (B) composition of sediment component. (C) 
records of carbonate and calcareous clay content. 
 
 
dominated by the fine silt and clay carbonate fraction admixed with significant amounts of the 

sand fraction, suggesting that nannoplankton act as the most important carbonate contributor 

during the Miocene at study site accompanied by a significant amount of planktonic 

foraminifers. 

A similar pattern between coarse biogenic carbonate and the sand content indicate that 

the sand fraction consists almost exclusively of biogenic carbonate, e.g., predominantly 

planktonic foraminifers admixed with varying amounts of benthic foraminifers. The 

calcareous clay fraction record in general shows a comparable trend with the bulk calcium 

carbonate curve. Some negative correlations between the carbonate clay fraction and 

carbonate content, such as at 17, 15.3, 13.8, 13.2, and 11.7 Ma (Fig. 4C) indicate that a 

different process influenced the carbonate concentration in these sections. 

The overall low MARcarb at Site 1265 (< 1 g/cm2/ka), compared with much higher 

carbonate fluxes with values of 2 to 6 (g/cm2/ka) in the Namibia upwelling zone (Krammer et 

al., 2005 in press), is accompanied by the low amount of carbonate-free components. This 
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indicates a low accumulation of nanno-plankton ooze without any dilution. The relatively 

constant value of MARcarb down-core suggests that the fluctuation of bulk carbonate content 

during the Miocene is not directly controlled by changes in biogenic production. Overall, the 

high carbonate content of 90 to 98 wt.% suggests that the setting of this site was always above 

the present regional CCD. 

3.5.3.  Winnowing and preservation indices 

3.5.3.1. Silt fraction 

Coulter Laser analysis results show that the average grain-size distribution of the bulk 

silt is polymodal, with a predominant modes at about 7 µm and small modes at 28 µm and 55 

µm (Fig. 5A). The bulk silt fraction at this site is dominated by calcareous components, with 

percentages mainly more than 95 wt.% of total silt. Together with the grain-size distributions 

of the carbonate silt samples, the distributions of the carbonate-free silt fractions have been 

plotted (Fig. 5b). This diagram shows that the distribution of carbonate silt is independent 

from the terrigenous silt fraction distribution owing to low terrigenous content as opposed to 

high values of carbonate. Hence, the finest mode in the silt-size distributions at 7 µm can be 

attributed to calcareous nanno-plankton, whereas the coarsest ones (28 and 55 µm) are mainly 

attributed to small shell fragments and tests of juvenile foraminifers.  

 

 
 

Figure 5. (A) Bulk silt sample statistic (minimum, average and maximum) of all samples (n= 56). (B) 
size distribution of carbonate (black line) and carbonate-free (grey line) in silt fraction.  
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The high peak of the fine silt fraction at 7 µm signifies the predominance of nanno-

plankton in silt fraction. The amount of coarse calcareous silt fraction (fraction between 10 to 

63 µm) shows some changes down-core, ranging from 10 to 40 wt.% of total silt, with an 

average value of 25 wt.% (Fig. 6A). The mean value of the coarse calcareous silt varies 

between 6.5 and 5.5 Φ (11 – 22 µm) and its variation down-core correlates very well with the 

amount of the coarse calcareous silt fraction. In addition, the grain-size distribution of 

calcareous silt changed from polymodal to unimodal, e.g., at 13.8, and 11.5 Ma, with the 

mean value at 7 µm (Fig. 6B). It is essential to note that in these distributions the two coarser 

modes at 28 and 55 µm are not present. In general, the unimodal distribution of calcareous silt 

 
 
Figure 6. (A) Temporal variation of mean and amount of coarse calcareous silt and carbonate content 
in phi (Φ). (B) Grain size distribution (GSD) of the calcareous silt fraction at 10.9, 11.4, 13.2, 13.8, 
15.5 and 17 Ma. 



Chapter 3 

50 

fraction coincides with a decrease in the amount of coarse calcareous silt fraction and a 

reduction of the carbonate content (Fig. 6A). In reverse, the polymodal calcareous silt-size 

distribution corresponds with a high amount of coarse calcareous silt fraction and an increase 

in carbonate content. But interestingly, at 15.3 Ma the polymodal calcareous silt-size 

distribution is accompanied by decreases in carbonate and coarse calcareous silt contents. At 

17 Ma a different pattern is evident, where the polymodal calcareous silt-size distribution 

coincides with relatively high amount of coarse calcareous silt fraction and a decrease in 

carbonate content. These indicate that a different process occurred at 15.3 and 17 Ma (Fig. 

6B). Furthermore, microscopic study of the silt fraction reveals that fragmentation is 

dominant in controlling the grain-size distribution of calcareous sediment at the study area. 

Here, the polymodal calcareous silt-size distribution is marked by high amounts of juvenile 

foraminifers, whereas the unimodal distribution is evidenced by low amount of fragments and 

juvenile foraminifers (Fig. 7A, B).  

 

 
Figure. 7. Grain size distribution (GSD) of the calcareous silt fraction at 13.8 (A.) and 13.2 Ma (B.) 
and preservation pattern in silt and sand fraction at Site 1265. Silt and sand fractions at 13.8 Ma 
illustrate poor preservation, the respective fractions at 13.2 Ma show good preservation. 
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The pattern of coarse calcareous silt fraction content might be influenced by various 

factors, such as winnowing, carbonate production, and dissolution. Relatively low and 

constant carbonate accumulation rates imply that carbonate production is insignificant in 

controlling coarse calcareous silt fraction pattern down-core. According to Gröger et al. 

(2003), the amount of coarse silt in the calcareous silt component can be compared with the 

record of coarse silt in the terrigenous silt component to corroborate the processes that control 

the variation of the pattern. If winnowing controlled both records, they should reveal the same 

pattern. However, the patterns at Site 1265 in general are completely different except during 

16 to 15 Ma and between 17 and 18.2 Ma. This implies that except during those time 

intervals, the calcareous (10 – 63 µm) silt record is not controlled by winnowing (Fig.8A). 

 

 
 
Figure 8. (A) Comparison between the weight percentage of coarse calcareous silt (calc. Silt) fraction 
(grey) and the weight percentage of terrigenous sortable silt (black), grey bars indicate winnowing. (B) 
Temporal variation of carbonate content, sand content, mean terrigenous sortable silt value, and 
content of terrigenous fraction at Site 1265. 
 

To test the influence of the winnowing process during the Miocene, the mean grain-size 

of the 10 – 63 µm terrigenous silt fraction (sortable silt) was determined. Accordingly, the 
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mean grain-size of the terrigenous sortable silt fractions, with biogenic carbonate and opal 

removed, mainly behaves noncohesively during transport and deposition (e.g., McCave et al., 

1995; Hall et al., 2003). Thus, it can be employed as a useful parameter to infer bottom 

current strength. Generally, the sortable silt mean grain-size record is relatively constant 

down-core ranging from 15 to 16.5 µm (Fig. 8B), suggesting a relatively stable current regime 

during the Miocene. Following the period of overall low amplitudes in the mean value of 

sortable silt, drastic increases in mean sortable silt value are observed at ~ 18 to 17.5 Ma and 

at ~ 14 to 13 Ma with some slight increases between 15.3 and 14.5 Ma. Those increases, 

which are followed by increases in terrigenous content, indicate strengthening of bottom 

current activity that triggered winnowing. 

Furthermore, microscopic studies, as well as coarse calcareous silt fraction studies 

indicate that the observed pattern might be controlled by another process besides winnowing, 

namely, differential dissolution. According to Gröger et al. (2003), the relative abundances of 

the coarse calcareous silt fraction record can be used to estimate dissolution intensity. For that 

reason, in this study we presume that the variation of coarse calcareous silt content can be 

interpreted as a carbonate preservation index. This index is useful to estimate the dissolution 

variation.  

To confirm whether our parameter can be used to estimate dissolution intensity, we 

performed some classic approaches for carbonate dissolution, including sand content and a 

planktonic foraminiferal preservation index (e.g., Bassinot et al., 1994; Broecker and Clark, 

1999). 

3.5.3.2. Sand fraction 

As mentioned above, planktonic foraminifer tests make up the greatest part of the sand 

fraction in all samples studied. The changes in relative abundance of the coarse fraction may 

in general reflect (1) ecological factors, such as changes in the mean size of foraminifers or 

changes in the foraminifers to nannofossils ratio (Bassinot et al., 1994), or (2) 

sedimentological factors, such as carbonate dissolution (Berger et al., 1982), changes in the 

winnowing intensity at the seafloor, or changes in dilution by fine-grained, nonbiogenic 

particles. The low terrigenous sediment content down-core signifies that dilution can be 

excluded as a controlling factor of variation in coarse fraction. 

Figure 8B illustrates the coarse fraction record (> 63 µm, i.e., sand content) between 19 

and 9 Ma. In sediments older than 14 Ma grain-size varied with low amplitude, and exhibit a 

slight decreasing trend with values between 10 to 20 wt.% (Fig. 8B). From 14 to 9 Ma, a 
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gradual increase of sand content from 10 wt.% to 35 wt.% is observed. At about 11.5 to 10 

Ma, the coarse fraction record increases significantly from 10 wt.% to around 30 wt.% of the 

total sediment. In general, the pattern of the coarse-fraction record is different from the 

pattern of carbonate content, especially between 18 and 17 Ma and between 15.7 and 15.3 Ma 

where a decrease in carbonate content is not accompanied by a coarse-fraction reduction. 

Amplitude variations of sand contents down-core are significantly higher compared to those 

of the carbonate content. 

The relatively high variations in sand content down-core suggest that fragmentation may 

have occurred during certain intervals in the Miocene. This is supported by microscopic 

investigation (Fig. 7A, B), showing a significant breakdown of planktonic foraminifers tests 

in some samples. Peterson and Prell (1985a) reported in a microscopic study on the Ninety 

East Ridge, Indian Ocean that about 60% of the whole sand-sized planktonic foraminifers 

were already broken at the lysocline level. Thus, a decrease in coarse fraction content might 

be a much more sensitive indicator of increasing dissolution than the carbonate content. 

However, an indispensable precondition is that there was no variation in the production of 

planktonic foraminifers. Furthermore, at Site 1265, different down-core patterns for the sand 

and the carbonate content records suggest that the variations in the amount of CaCO3 cannot 

be directly interpreted as an index of preservation. 

3.5.3.3. Foraminiferal preservation index 

As planktonic foraminifer tests progressively break down into fragments with increasing 

dissolution, a transfer of fragments from coarser to the fine fractions should be observed (e.g., 

Bassinot et al., 1994). Foraminifer fragmentation is one of the most reliable indices for 

carbonate dissolution (e.g., Henrich et al, 2003; Le and Shackleton, 1992; Peterson and Prell, 

1985a, b). Therefore, in this study we examined the preservation of planktonic foraminifers in 

the 125 – 500 µm size fraction to assess the dissolution process. In general, our index ranges 

from 0.8 to 0.6, indicating a state of good to moderate preservation. Moderate preservation 

values (0.6) are recorded from 19 to 14 Ma and the period since 14 Ma is characterized by 

good preservation values (0.8) (Fig. 9). The shift from a moderate to a good preservation 

index indicates a change from moderate to low fragmentation at this site, which could occur 

above or close to the foraminiferal lysocline. In addition, the overall good preservation in the 

younger section is interrupted by punctuated increases in the fragmentation of planktonic 

foraminifers tests between 15.6 and 15.4, at 13.8, 13.2, 11.5, and 10.1 Ma. These correspond 

very well with declines in the sand content.  
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Sand content and the planktonic foraminifers preservation index records display trends 

similar to that for the amount of the coarse calcareous silt fraction (Fig. 9), generally 

signifying that fragmentation due to dissolution is an important process that controls the size 

distribution at the study area at distinct periods. This is supported by the microscopic study of 

the sand fraction, which shows that the fragmentation is more intensive in intervals 

characterized by moderate preservation proxies (Fig. 7).  

 

 
 
Figure 9. (A) Temporal variation of carbonate content, sand content, FPI (foraminifers preservation 
index), coarse calcareous silt fraction, and calcareous clay at Site 1265. Dashed lines are Mi-glaciation 
event (Miller et al., 1991). (B) The eustatic sea level curve (Hardenbol et al., 1998) and oxygen 
isotope record (Zachos et al., 2001), adopted from Diekmann et al. (2002). 
 

3.5.4.  Controls on carbonate production and variation during the Miocene 

Walvis Ridge sediments contain large amounts of carbonate (e.g., Embley and Morley, 

1980; Diester-Haass, 1985; Stuut et al., 2002a,b). A number of criteria have been commonly 

used as indicators of the intensity of carbonate dissolution in deep-sea sediments. These 

include the weight percent of CaCO3, the ratio of whole to fragmented planktonic tests, and 

sand content. A problem inherent in these parameters is that each of them is not only related 

to dissolution, but also to ecological and sedimentological factors. To minimize this potential 
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problem of multiple causation, in this study a combination of three measured dissolution 

indices and one parameter based on amount of coarse calcareous silt fraction were utilized. 

In general, the destructive influence of carbonate dissolution, due to corrosive bottom 

waters or elevated organic carbon input related to increased productivity, has to be taken into 

account. Because of the very low productivity record as well as the low values of the 

carbonate-free silt fraction, it is unlikely that such a productivity-related effect could have had 

any influence on the carbonate variation at the Walvis Ridge during the Miocene. As a 

conclusion, winnowing, dissolution, or a combination of these processes must have acted as 

major factors controlling the accumulation of carbonate in the study area.  

The down-core variation in the sand content and the carbonate-preservation indices 

show a good relationship with the abundance of the coarse calcareous silt fraction. The 

similarities of the planktonic preservation index with the amount of the coarse calcareous silt 

fraction confirm our interpretation that the amount of the coarse calcareous silt fraction can be 

used as a measure of preservation (Fig. 9A). This is also supported by the microscopic studies 

on both the silt and sand fractions, which show similar fragmentation patterns. The overall 

moderate to good preservation down-core indicates that the dissolution occurred near the 

foraminiferal lysocline. This is supported by benthic foraminifer assemblages from this site, 

which indicate deposition at upper abyssal depths, and by the carbonate data that signify the 

position of the lysocline at about 2000 - 3000 m during the Miocene (Zachos et al., 2004). 

The repetitive shifts of the preservation index from moderate to good gives evidence of 

fluctuations in the depth of the lysocline during the Miocene, which might be the result of 

changes in deep-water chemistry (SCW vs. NADW) or fluctuations in SCW production 

during glacial-interglacial periods in relation to the waxing and waning of the East Antarctic 

Ice Sheet (EAIS). 

Long-term variation of foraminifer preservation marks a shift from moderate to good 

preservation at 14 Ma. This shift coincides very well with the tectonic event that caused a 

major uplift and shoaling of the CAS sill to a depth of about 1000 m (Duque-Caro, 1990). The 

shoaling of CAS disrupted the exchange of deep-water between Atlantic and Pacific. The 

modelling result from Nisancioglu et al. (2003) shows that this shoaling initiated a southward 

flow of less corrosive NADW across the equator into the South Atlantic. The supply of 

NADW then influenced the depth of the foraminiferal lysocline and shifted the preservation 

indices from moderate to good. Therefore, we assume that the long-term fluctuation in 

preservation index, sand fraction, and carbonate contents primarily results from global 

changes in deep-water chemistry. 
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3.5.5.  Paleoceanographic reconstruction : 19 to 14 Ma 

During the early Miocene (19 – 15.5 Ma) the global climate changed from a warm to a 

cold mode (e.g., Miller et al., 1991; Zachos et al., 2001a, b). A general interpretation of 

Miocene benthic δ18O records indicates that deep water warmed from the earliest Miocene (~ 

24 Ma), while maximum temperatures occurred near the Early/Middle Miocene boundary (17 

and 14 Ma) (e.g., Westerhold et al., 2005; Zachos et al., 2001b). This is supported by the high 

sea-level position during this interval (Hardenbol et al., 1998) that evidenced warm deep-

water and no sea-ice development during this interval (Fig. 9B). 

The Miocene climatic optimum (17.5 – 15 Ma) interval in our study area is marked by a 

decrease in carbonate content. The sand content is relatively low and constant, whereas the 

planktonic foraminiferal preservation index is moderately good through this interval, 

suggesting that the moderate dissolution occurred in this period. Between 15.7 and 15.3 Ma a 

decrease in carbonate content is accompanied by a decrease in preservation index and/or an 

increase in clay carbonate content, reflecting the carbonate dissolution that caused a net 

transfer of foraminifers fragments from the coarser fractions to the finer ones. Furthermore, 

between 18 and 17 Ma the mean terrigenous sortable-silt becomes coarser, indicating an 

increase in paleo bottom-current strength (Fig. 8B). This is supported by a relatively high 

amount of terrigenous silt, suggesting that strong winnowing occurred during this interval. In 

addition, our records of terrigenous sortable silt and the coarse calcareous silt fraction 

contents exhibit strong covariation, especially from 16 to 15 Ma and from to 17 Ma. This 

indicates that besides dissolution, winnowing controlled the variation of carbonate content 

during this interval combined with an associated minor dilution of biogenic carbonate by 

terrigenous components. 

The dissolution of carbonates in the oceans is primarily controlled by the degree of 

seawater undersaturation with respect to the biogenic carbonate phase. Moderate preservation 

values during 17 to 14 Ma indicate that deep-water is dominated by the northward corrosive 

SCW flow that triggered the rising of the CCD and foraminifers lysocline at study site and 

caused dissolution. The rise and fall of the CCD during the Early to Middle Miocene, as 

evidenced by widespread red clay deposition (Hsü and Wright, 1985), was influenced by 

several factors, including climate, ocean temperature, ocean circulation, nutrient supply, and 

regional variations in productivity. High δ18O benthic foraminifer values (Zachos et al., 

2001b) during this period suggest the existence of cooler bottom water (Fig. 9B). 
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Interestingly, the high δ18O benthic foraminifer values are accompanied by a high sea-level 

position (Hardenbol et al., 1998). This mismatch between both records prior to ~ 15 Ma, 

which is also noted at the NW and SW-Australian margins (Holbourn et al., 2004) indicates a 

change in bottom water temperature. Therefore, moderate preservation and decrease in CaCO3 

concentration during the Miocene climatic optimum (17 – 15 Ma) is controlled by an 

intensification of SCW supply. This is supported by the modeling result that showed that 

during this time interval the NCW or NADW production could not reach the study site 

(Nisancioglu et al., 2003; Heinze and Crowley, 1997). Because the CAS was still deeply open 

during this period, NADW passed directly into the Pacific Ocean rather than flowing 

southward to the equatorial Atlantic. This means that only corrosive SCW filled the Atlantic 

basins and caused the shallowing of foraminiferal lysocline. 

Relatively high winnowing combined with only weak dissolution, as observed for the 

early Miocene, suggests that the decrease of the carbonate content at the Walvis Ridge is 

influenced rather by the intensity of bottom currents and winnowing than by the carbonate 

dissolution during Early Miocene. 

3.5.6.  Paleoceanographic reconstruction: 14 – 10 Ma  

During the Middle to Late Miocene interval (14 – 10 Ma) a global cooling trend is 

evident. The oxygen isotope data exhibit stepwise heavier values through this time interval 

(Zachos et al., 2001b; Westerhold et al., 2005, Fig. 9B). This trend is accompanied by a 

gradual lowering of sea level that reach the modern level at 11 Ma (Hardenbol et al., 1998). In 

our study area, interestingly, the comparison of coarse calcareous and terrigenous silt 

fractions contents shows that winnowing only occurred during 14 to 13 Ma. Afterwards, 

winnowing is relatively unimportant, indicating that the coarse calcareous silt content is 

controlled mainly by different intensities of dissolution (Fig. 8A). Generally, the sand content, 

together with carbonate records, reveals an increasing trend, suggesting improved carbonate 

preservation during this interval. This is supported by both preservation indices, which 

display good values in the younger section. However, at least four decreases in the 

preservation indices and/or sand contents occur at 13.8, 13.0, 11.6, and 10.4 Ma. These 

decreases to only moderate preservation can be correlated with the Miocene glaciation events 

(Mi-events) (Miller et al., 1991; Westerhold et al., 2005), whereas good preservation occurred 

under interglacial-like conditions, especially after 14 Ma.  

A period of global cooling during the Middle to Late Miocene resulted in EAIS growth, 

which caused intensification of the flow of cold, corrosive, nutrient-rich SCW. The 
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intensification of SCW flow during the Miocene glacial events is supported by the values of 

the terrigenous sortable silt record, which show an increase during the Mi-3 (13.8 Ma) and 

Mi-5 (11.6 Ma), indicating stronger bottom-current activity. These coincide with decreases in 

the preservation index, suggesting that an expanded and accelerated flow of cold corrosive 

SCW caused the dissolution at the study area. This is further supported by benthic faunal 

records that suggest important deep-water circulation changes in the Early to Middle Miocene 

(Woodruff and Savin, 1989; Westerhold et al., 2005).  

After all, variations in the preservation of planktonic foraminifers tests and carbonate 

content during the Middle to Late Miocene are attributed to the variation of SCW production, 

which influence changes in dissolution intensity. The SCW production during this interval is 

strongly induced by punctuated waxing and waning of EAIS that caused the interglacial and 

glacial like conditions during the cooling period. 

The dissolution proxies exhibit the “Atlantic type” of preservation pattern with better 

preservation during interglacial-like periods compared to glacial events (Bickert et al., 1997; 

Cullen and Curry, 1997; Tiedemann and Franz, 1997). The interval between 14 and 13 Ma 

was characterized by moderate preservation and a slight increase in bottom current strength 

(Fig. 8B), indicating the intensification of the corrosive SCW source. This coincides with the 

Mi-3 glacial event (Miller et al., 1991; Westerhold et al., 2005).  

The pattern of improved preservation of all carbonate-preservation proxies and the rise 

in carbonate content after 14 Ma, except during the Miocene glacial events, points to a 

reduction of southern-source corrosive bottom-water flow. This is supported by a gradual 

decrease in the mean sortable silt record, indicating a weakening of SCW influence. The 

weakening of SCW was accompanied by the initiation of an oxygen-enriched, nutrient-

depleted water mass of high CO3
2- and low CO2 contents, e.g., the NADW, after 14 Ma. This 

would be analogous to a time of a major uplift of the CAS sill (~ 13 Ma, Duque-Caro, 1990) 

that allowed NADW entering the South Atlantic Ocean.  

3.6. Conclusions and summary 

We have demonstrated that the content of terrigenous silt at the study area, in general, is 

very low in the Miocene. Accordingly, it does not affect the size distribution of bulk silt 

sediment, allowing this bulk silt grain-size distribution to be considered as the size 

distribution of calcareous silt. Therefore, the amount of coarse calcareous silt can be used as a 

proxy for carbonate preservation. This proxy may be applied in other areas where the 

carbonate content of the sediments is comparably rich. 
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Our dataset shows that in the study area, winnowing and dissolution have acted as the 

principle processes controlling the variation of carbonate contents at the Walvis Ridge during 

the Miocene. Shifts between moderate to high preservation of planktonic foraminifers indicate 

that the dissolution occurred above and close to the foraminiferal lysocline.  

 

Long-term variations of carbonate content and preservation indices are related to global 

changes in deep water chemistry, whereas short-term fluctuations resulted from winnowing 

and dissolution, which was triggered by variations in SCW production during interglacial and 

glacial periods. 

 

Prior to the Miocene climatic optimum carbonate concentrations in the area of the 

Walvis Ridge were affected mostly by winnowing, whereas only slight dissolution occurred. 

Fragmentation of planktonic foraminifers as a result of dissolution becomes an important 

factor controlling the accumulation of carbonate during the prominent global cooling period, 

from 14 to 7 Ma especially during Miocene glacial events. This is induced by the 

intensification of East Antarctic ice sheet growth and an increase in corrosive SCW influence 

during the Middle to Late Miocene. The initiation of the young NCW (NADW) probably 

occurred at ~14 to 13 Ma, following the shoaling of CAS. 
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4.1. Abstract 

The Late Miocene terrigenous fraction of deep-sea sediments in the Cape Basin, SE Atlantic 

Ocean (ODP Site 1085) exhibits a temporal variation in grain size attributed to different 

transport mechanisms related to the paleoclimatic history. End-member modelling of carbonate 

free silt-size distributions (n = 215) is applied to distinguish the signals of various 

sedimentation processes. This modelling identified four subpopulations, which are interpreted 

as weak and moderate hemipelagic mud and coarse and fine eolian dust. The results of end-

member modelling together with geochemical and mineralogical analyses show that between 

11 and 10 Ma, the input of terrigenous material was driven mainly by river supply, indicating a 

humid climate in the hinterland. The initiation of trade-wind transport of dust occurred at 

around 10.6 Ma, signalling the establishment of the Benguela upwelling system and a 

prominent change of continental climate from relatively humid to relatively arid conditions.  

 

 

Key words: ODP Sites 1085; Late Miocene; end-member modeling; grain-size; hemipelagic 

mud; eolian dust. 
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4.2. Introduction 

Miocene deep-sea sediments from the continental margin off SW Africa provide 

continuous records from which the coupled evolution of continental and oceanic 

environments may be reconstructed. These sediments contain a terrigenous fraction that 

reflects variability in the supply of sediments produced on the adjacent continents. On a 

global scale, the major components of deep-sea clastics are pelagic components brought in by 

the wind and hemipelagic constituents derived from fluvial input and re-deposition of shelf 

sediments (Weltje and Prins, 2003). Particle size is a fundamental property of sediments that 

contains information about their origin, history, transport dynamics and depositional 

processes. However, the grain-size distribution of the terrigenous fraction itself represents a 

mixture of sediment populations corresponding to different mechanisms of transport. 

Therefore, it is difficult to extract palaeo-environmental information from analyses of the 

grain-size distributions of sediments in cases where the sediments are supplied by a 

combination of fluvial and eolian sources and sorted by bottom currents.  

In order to distinguish between different transports mechanisms of terrigenous 

sediments, Weltje (1997) has developed a numerical-statistical algorithm called ‘End-member 

model. This model attempts to explain observed variations in natural sediments as a result of 

mixing. Some previous studies (e.g., Frenz et al., 2003; Holz et al., 2004; Prins et al., 2002; 

Stuut et al., 2002b, Stuut and Lamy, 2004; Weltje and Prins, 2003) demonstrated that grain-

size distributions of deep-sea sediments can successfully be unmixed into end members using 

this end-member algorithm (Weltje, 1997) and related to sediment transport mechanisms and 

the reconstruction of changes in continental climate. 

In this study we present a detailed record of terrigenous silt grain-size distribution, as 

well as geochemical and mineralogical data from ODP Site 1085, collected on the continental 

margin of the southern part of the Cape Basin, southwest Africa, from a water depth of 1713 

m. Although the terrigenous silt fraction makes up only a small part of the sediment consisting 

of calcareous oozes in the entire section, these land-derived components contain significant 

information on transport mechanisms and source. Three possible transport agents are capable 

of supplying detrital sediment from land to the ocean along the Southwest African margin 

during the Miocene. These are (1) river discharge from the Orange River, (2) eolian input from 

the Namib Desert and (3) transport and re-deposition by ocean currents (Gingele et al., 1996). 

Two of these processes reflect climatic factors, in particular, aridity and humidity in the source 

area. The Orange River, which is the only perennial river in SW Africa, carries high volumes 

of suspended mud southward into the South Atlantic where these are further dispersed by the 
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prevailing bottom currents (Van der Merwe and Heystek, 1955; Chester et al., 1971, 1972; 

Summerhayes et al., 1995). The Namib Desert is a coastal strip desert with very strong winds, 

especially in the south near Lüderitz (Rogers, 1977; Bremner, 1978). Grain-size studies on 

Quaternary sediments from the Walvis Ridge show that the eolian dust export from Namib 

Desert to the Walvis Ridge is almost exclusively supplied by the SE trade wind (Stuut et al., 

2002b). Moreover, the Cape Basin is the setting of a complex pattern of oceanic circulation. 

The Benguela Current is a major component in the southwestern Atlantic current system. 

Today, the Benguela Current is the eastern boundary current of the South Atlantic subtropical 

gyre (Peterson and Stramma, 1991). One important current system in this region is the 

Benguela Upwelling system, which transports cold water northward from the wind-dominated 

coastal area (e.g., Stramma and Peterson, 1989). In combination with the southeastern trade 

winds, the northwest-flowing Benguela Currrent represents one of the world’s major upwelling 

regions.  

Although the Late Miocene oceanographic configuration and climate variability along 

the continental margin of SW Africa has been investigated in much detail (e.g., Diester-Haass 

et al., 2004, 1992, 1990; Krammer et al., in press), our knowledge of the variability of 

sedimentary processeses and their paleoclimatic significance in this area is still poor. Recent 

studies have elucidated sediment transport mechanisms and their relation to Miocene climate 

variability based on terrigenous silt grain-size analysis (Kastanja et al., subm.). The results 

show that the Late Miocene terrigenous components in the sediments from Southwest Africa 

can be described as variable mixtures of fluvial discharge from the Orange River and dust 

supply from the Namib Desert. However, how these different sediment supplies varied 

through the Late Miocene remains unclear. Hence, a multiproxy study covering the time 

interval of Miocene is still lacking. In order to fill this gap, the amount and grain-size spectra 

of terrigenous silt are presented, and geochemical and mineralogical parameters of Miocene 

sediments from ODP Site 1085 are reported. The grain-size distribution data are unmixed into 

subpopulations, using an end-member algorithm (Weltje, 1997), and these are interpreted in 

terms of sediment transport and depositional processes. The aims of the present study are: (1) 

to deduce transport pathways of land-derived sediments using a combination of end-member 

modelling of carbonate-free silt grain-size distributions with analysis of geochemical and 

mineralogical parameters; and (2) to investigate the evolution of the Benguela upwelling 

system during the Late Miocene in relation to paleoclimatic changes in the Southeast Atlantic. 
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4.3. Materials and methods 

4.3.1. Core data 

Late Miocene deep-sea sediments off southwest Africa (ODP Site 1085) provide 

continuous record from which the variation of sedimentation processes that transported the 

sediments from continental sources to oceanic environments may be reconstructed. ODP Site 

1085 is located on the Southwest African continental margin off the mouth of the Orange 

River (29º22.47’S, 13º59.41’E, 1713 m water depth) (Fig. 1a). The sediments throughout the 

sampled interval at Site 1085 consist predominantly of clay-rich nannofossil ooze and 

nannofossil muds (Wefer et al., 1998). The terrigenous silt fraction of this sediment is of 

hemipelagic origin transported to the SE Atlantic by supply of the Orange River and dust 

from the Namib Desert carried by the southeast trade winds (e.g., Gingele, 1996; Kastanja et 

al., subm.). The LSR and MARterr values at Site 1085 fluctuated during the late Miocene, 

with maximum values at 11 and 10.5 Ma (Westerhold et al., 2005; Kastanja et al., subm) (Fig. 

2).  

 

 

Figure 1. (a). Location of Site 1085 in the Cape Basin, 
southeast Atlantic and modern surface water currents. 
BOC : Benguela oceanic current, BCC: Benguela 
coastal current. Map is from Wefer et al. (1998), (b). 
Satellite image of a dust storm off Southwest Africa, 
acquired by the seaviewing Wide Field-of view Sensor 
(SeaWiFS), NASA Goddard Space Flight Center. 
Arrows mark the SE trade winds.
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Figure 2. Temporal variations of linear sedimentation rates (LSR), mass accumulation rates (MAR) of 
terrigenous component, and grain-sizecomposition of terrigenous fraction of sediments at ODP Site 
1085.  

 

4.3.2. Analytical procedures 

A total of 215 sediment samples within a depth range of 399 to 519 mbsf, equivalent to 

the Late Miocene interval, from Site 1085 were employed for this study. Sample spacing 

ranges between 40 and 50 cm. The resolution for the entire section thus ranges between 8 and 

70 ka with an average of 18 ka.  
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Freeze-dried bulk sediment samples of one g were set aside for total carbon (TC) and 

total organic carbon (TOC) determination. The remaining material was washed through 63 µm-

sieves to separate the sand (> 63 µm) from the fine-grained fraction (< 63 µm). The Atterberg 

settling tube was repeatedly (20 – 40 times) applied to extract the silt fraction (2 – 63 µm) from 

clay particles (< 2µm) based on Stokes’ law. The relative proportions of the sand, silt and clay 

fractions were determined. The grain-size distribution of the bulk silt was then analysed using 

a Micromeritics Sedigraph 5100 that established particle sizes in the range of 0.1 to 63 µm 

(Coakley and Syvitski, 1991). Afterwards, the calcareous silt was dissolved with 0.25 N HCl 

and washed until the pH was neutral. Then, the grain-size distribution of analysis e carbonate-

free silt fraction was carried-out for all samples. The opal content was measured for the 

carbonate-free silt fraction samples by applying an automated leaching method (Müller & 

Schneider, 1993).  

For a better interpretation of the grain-size data, the end-member modelling algorithm 

developed by Weltje (1997) was applied to un-mix the carbonate-free silt distribution of 215 

samples into a number of subpopulations, so called ‘end-members’. Goodness of fit statistics 

provides the estimation of the minimum number of end-member by calculating the coefficient 

of determination (r2). 

Measurements of the elemental composition of sediments were performed using the X-

Ray fluorescence (XRF) core scanner (Röhl and Abrams, 2000) at the Bremen ODP Core 

Repository (BCR). This allowed high-resolution, nearly continuous, and non-destructive 

analysis of major elements. XRF data were collected every 4 cm down-core over a 1 cm2 area 

to obtain the elemental concentrations of K, Ca, Ti, Mn, Fe, Cu and Sr. In this paper we 

present Fe (Westerhold et al., 2005) and Ti intensity data, which are highly correlated to the 

land-derived and biogenic material. Clay mineralogical analyses on Late Miocene samples 

were carried out on the carbonate-free clay fraction by means of X-Ray diffraction 

measurement (Kastanja et al., subm). The chronology is based on orbital tuning of a high-

resolution composite XRF-Fe intensity record of ODP Sites 1085 and 1087 (Westerhold et al., 

2005). 

4.4. Results 

4.4.1. Grain-size distribution 

The overall low amount of biogenic opal (2 – 4 wt.% of the carbonate-free silt fraction) 

and organic carbon (0.2 – 0.6 wt.%; Krammer et al., 2005 in press) in the entire investigated 

section at this site signifies that the sediments can be considered to consist almost exclusively 
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of biogenic carbonate and terrigenous components. In general, the sediment is dominated by 

the silt and clay fractions with a lower amount (< 5 wt.%) of sand fraction (Kastanja et al., 

subm.). The biogenic carbonate content in the period of Late Miocene at Site 1085 ranges 

between 60 and 70 wt.%. The grain-size analysis results show that the terrigenous component 

is dominated by the terrigenous clay. This fraction reveals maximum values of 70 wt.% from 

10.4 to 10 Ma and from 9.6 to 9 Ma (Fig. 2). Generally, variations of the terrigenous clay 

content show a trend comparable with the LSR and MARterr records (Fig. 2).  

Summary statistics of the 215 terrigenous silt grain-size frequency distributions at the 

study area show a unimodal character of the terrigenous sediment fraction with a clear fine silt 

population (Fig. 3a). The average grain-size distribution of the terrigenous silt fraction at this 

site has a modal grain size of 3.5 µm. The maximum silt-size distribution shows a polymodal 

character with a modal grain size of 5.5 and 9 µm (Fig. 3a), signifying the presence of some 

coarse grains within the terrigenous silt fraction. The terrigenous silt fraction at Site 1085 is 

composed mainly of fine silt (2 - 10µm), with percentage of 4 to 10 wt.% (Fig.3b), with some 

coarse fraction (10 -63 µm). This verifies the homogenous and low variable grain-size 

composition of the sediments from this sector of the southwestern African continental margin. 

4.4.2. End-member modeling result of carbonate-free silt fraction 

The grain-size distributions of carbonate-free silt fraction are used as input data for the 

end-member modelling algorithm (Weltje, 1997). The minimum number of end members of 

the data is estimated by calculating the mean coefficients of determination (r2), which 

represent the proportions of the variance of each grain-size class reproduced by the 

approximated data (Weltje, 1997). The mean coefficient of determination (r2) increases with 

an increase in the number of end members (Fig. 4a). Figure 4b reveals the coefficient of 

determination, which is plotted against grain size for models with two to five and ten end 

members. At the study site the two-end-member model (r2 mean = 0.3) shows small values of r2 

(< 0.6) for the size ranges from 4 to 7 µm and > 11 µm, whereas the three-end-member model 

(r2 mean = 0.6) reveals a low r2 (< 0.6) for the size > 18 µm. The four-end-member model, 

which explains 70% of the variance (r2 mean = 0.7), exhibits high coefficient determination 

values only for the size class coarser than 30 µm. The terrigenous silt grain-size distribution at 

the study area shows a predominance of fine-grained sediment, with a mean value of 3 to 4 

µm. Therefore, the goodness-of-fit statistics suggest that compared to the three-end-member 

model (Fig.4c), the four-end-member model (Fig.4d) provides the best compromise between 

the number of end members and the coefficient of determination. 
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Figure 3. a.) Summary statistics (maximum, average and minimum) for the 215 measured TS grain-
size distributions of sediments from Site 1085, b). temporal variation of the content and mean values 
of terrigenous fine silt (2 – 10 µm) and sortable silt (10 – 63 µm) 
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Figure 4. End-member modelling results of the measured grain-size distribution of Site 1085. a.) 
mean coefficient of determination (r2 mean) for each end-member model, b.) coefficients of 
determination for each size class for models with 2-5 and 10 end member solutions, c.) and d.) 
modelled end members of the terrigenous silt fraction of sediments from Site 1085 (size frequency 
distributions of the end members) for the  three-end-member model (c) and four-end-member model 
(d). 
 

Furthermore, the end-member modelling results demonstrate that the nearly unimodal 

distribution could possibly be composed of some subpopulations. These would indicate that 

grains of a given size may have been derived from different sources and supplied by different 

transport mechanisms. The grain-size distributions of the four end members, which have 

clearly characterized dominant modes, are shown in Figure 4d. End member EM 1 has a 

modal grain size of approximately 2.8 µm, end member EM 2 of approximately 3.5 µm, end 

member EM 3 of 5 µm and end member EM 4 has a modal grain size of approximately 9 µm. 

The record of the relative contribution of these end-members (Fig. 5) shows that EM 1 varies 
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from 0 to 0.25. The pattern of the relative contribution of EM 2 varies between 0 and 0.6 and 

shows a similar pattern to the terrigenous clay content, whereas relative contribution EM 3, 

which corresponds with fine silt, varies between 0 and 0.4. The relative contribution of EM 4 

fluctuates from 0 to 0.3 and coincides with the pattern of terrigenous sortable silt (10 – 63 µm 

fraction; McCave, 1995).  

 

 
 

4.4.3. Geochemistry and mineralogy 

In order to further characterize the variations of transport mechanisms based on the 

terrigenous silt fraction and test our end-member model, we compare the results from our 

model with the geochemical and clay mineralogical data. In this study we use Ti and Fe 

intensity records as indicators of terrigenous source elements. The iron intensity record in the 

study area ranges from 2000 to 5000 cps, whereas Ti intensity ranges from 0 to 200 cps (Fig. 

Figure. 5. Time series of 
variations in end-member 
contributions of the terrigenous 
sediment fraction in Site 1085 for 
the four end members 
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6a). In general, long-term fluctuations of Fe and Ti intensities show strong covariation with 

the terrigenous clay content (R=0.85, Fig. 6b). Some exceptions are obserbed 8.5 to 7.5 Ma, 

9.6 to 9 Ma, and 11 to 10.5 Ma. At these intervals an increase of Ti coincides with the fine silt 

pattern, but is accompanied by a relatively constant pattern of Fe intensity. 

 

 
Figure. 6. (a) Comparison between end-member contributions, major element geochemistry (Fe and 
Ti intensities) and terrigenous clay content in ODP Site 1085. Proportions of EM 1 and EM 2 as 
proxies of run off (EM 1 =  low fine supplied; EM 2 =  moderate fine supplied), (b) Bivariant plot 
between terrigenous clay content and Fe and Ti intensities, and (c) between proportion of EM 1 and 
EM 2. 
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The clay mineral assemblage at Site 1085 is dominated by illite and smectite (Fig. 7a), with 

some kaolinite and chlorite (Kastanja et al., subm.). Clay mineralogy during the Late Miocene 

is characterized by a decrease in smectite content and a slight increase in illite content. These 

are also accompanied by a gradual decline in illite chemistry, which is overall above 0.5, 

representing a strong hydrolysis process (Gingele, 1996; Petschick et al., 1996). The smectite 

pattern down-core corresponds with the pattern of terrigenous clay-particle content and Ti and 

Fe intensity, whereas illite patterns correlate well with terrigenous sortable silt content. 

 

 
Figure 7. (a) Comparison between end-member contributions, clay mineralogy and terrigenous 
sortable silt (10 – 63 µm fractions) content in ODP Site 1085. Proportions of EM 3 and EM 4 as 
proxies of dust supply (EM 3 = distal dust supply; EM 4 = proximal dust supply), (b) Bivariant plot 
between proportion of EM 3 and EM 4, and (b) between terrigenous sortable silt content and 
proportion of EM 4. 
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4.5. Discussion 

4.5.1. Interpretation of end-member modelling 

The terrigenous fraction of the deep-sea sediments along the continental margin of SW 

Africa consists of a mixture of hemipelagic mud and eolian supply (e.g. Stuut et al., 2002b; 

Stuut and Lamy, 2004). Accordingly, the terrigenous silt grain-size distribution at Site 1085 

showed that during the Late Miocene deep-bottom ocean currents played an insignificant role 

in controlling sediment transport (Kastanja et al., subm.). Based on studies of deep-sea 

sediment from other areas (Koopmann, 1981; Prins et al., 2000), the 6 µm grain size can be 

used as boundary limit between eolian (> 6 µm) and hemipelagic (< 6 µm) transport. 

Furthermore, recent grain-size distribution studies on Quaternary sediments at the Walvis 

Ridge (Stuut et al., 2002b; Stuut and Lamy, 2004) have demonstrated that the dust derived 

from the Namib Desert is coarse silt sized. Therefore, the relatively coarse silt end members 3 

(EM 3) and 4 (EM 4) at the study area are interpreted as dust input from the Namib Desert. 

The well sorted clayey to fine silt end members 1 and 2 (EM 1 and EM2), which show a 

different pattern in the investigated section, are considered to be supplied by suspension load 

from the Orange River.  

Some studies have demonstrated that terrigenous source elements (Al, K, Ti, Zr) and 

clay mineralogy can be related to source material, input pathways, weathering conditions in 

the source area, or the intensity of transport process (e.g., Zabel et al., 2001; Diekmann et al., 

2003; Robert et al., 2005). Titanium (Ti) is often related to heavy minerals (ilmenite, rutile or 

anatase) or basaltic rocks. Usually, Fe intensity cannot be directly related to a terrigenous 

component, because some Fe can also be found in biogenic components. Ca intensity records 

(Westerhold et al., 2005), which can be used as a proxy for carbonate sedimentation, 

correspond very well with the CaCO3 concentration at Site 1085 (Krammer et al., in press). 

Both records show negative relationships with Fe intensity, indicating that the biogenic 

components do not contain iron-rich carbonate. Thus, Ti and Fe intensities can be used as 

proxies for the terrigenous input.  

4.5.2. Orange River supply 

The well-sorted clayey to fine silty end members 1 and 2 (EM 1 and EM 2) are 

interpreted as hemipelagic muds. These two end members show an inverse correlation (R = 

0.65, Fig. 6c), indicating that fine EM 1 and moderate EM 2 suspension loads are derived 

from fluvial transport.  
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In general, the EM 2 (mode: 3.5 µm) patterns correlate to the terrigenous clay fraction 

record (Fig. 6a). Our grain-size and geochemical records reveal that the terrigenous clay 

fraction corresponds very well with Ti and Fe intensities (R = .85, Fig. 6b), suggesting that 

these terrigenous source elements are derived from the same sources. Furthermore, the 

relative contribution of EM 2 also shows a covariance with the trends of the smectite 

occurrence. Smectite in the Southwest African province is a typical clay mineral for the 

Orange River terrigenous loads as the weathering products of the Karoo lavas (Robert et al., 

2005; Gingele et al., 1996). Therefore, local abundance of smectite at Site 1085 can be 

considered as a tracer of run-off and precipitation in the Orange drainage basin. The down-

core smectite patterns corresponds with the patterns of terrigenous clay-particles and Ti and 

Fe intensities, suggesting that these elements may result from weathering under humid 

conditions and transported by the Orange River. Some exceptions are observed 8.5 to 7.5 Ma, 

9.6 to 9 Ma, and 11 to 10.5 Ma. At these intervals an increase of Ti coincides with the fine silt 

pattern, but is accompanied by a relatively constant pattern of Fe intensity. This indicates that 

more Ti is transported into the Cape Basin, suggesting that another unknown transport process 

occurred during this time.  

During the Late Miocene, the relative contribution of EM-2 is higher compared to EM-

1, indicating an increase in runoff of the Orange River. A low suspension load from the 

Orange River was noted between 11 and 10.5 and between 9 and 8.5 Ma.  

4.5.3. Dust supply 

Generally EM 3, which has a modal grain size of ~ 5.5 µm, shows an inverse correlation 

to EM-4 (modal value of ~ 9 µm) (Fig. 7b). Both end members are considered to represent an 

eolian origin. This interpretation is supported by the pattern of illite and terrigenous sortable 

silt content, which exhibits a relatively similar trend with EM 4 during the Late Miocene (Fig. 

7c). According to Robert et al. (2005), illite is derived from high latitudes by the cold 

Benguela current and from southwest Africa by winds. The interpretation of illite as having 

an eolian origin is supported by decreases in the S/I ratio, illite chemistry and Qz/Fp ratio 

records, indicating an intensification of wind-blown supply.  

The eolian character of EM 4 coincides with the eolian supply from a Quaternary end-

member modelling study at the Walvis Ridge that showed a modal value of 7 µm (Stuut et al., 

2002b). Actually, the grain-size distribution of the Quaternary and present-day dust are 

coarser compared to the grainsize at the study area during the Miocene. This difference is 

probably due to the fact that Site 1085 was not located in the path of the SE trade winds. Fine-
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grained eolian dust of EM 3 might have been transported over long distances or by weaker 

winds. 

4.5.4.  Paleoclimate reconstruction 

The end-member modeling results at Site 1085 identify variation in sources and 

transport mechanisms in relation to the regional climate of the southeastern Atlantic during 

the Late Miocene. Due to its proximity to the mouth of the Orange River, the terrigenous 

components at this site are strongly influenced by its suspension load. 

 

 
 

Figure 8. Time series of variations in continental run off, wind strength and d18O records at ODP Site 

1085.  
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Considering the interpretation of the four-end-member models, changes in the ratios of 

the end members reflect paleoclimate variations in SW Africa. The ratio of the fine to the 

coarse fluvial end member ((EM 1 + EM 2)/(EM 3 + EM 4)), reflecting the river runoff, is 

interpreted as a measure of the intensity of mud supply as well as precipitation (Fig. 8). Prior 

to 10 Ma, the runoff record indicates a relatively strong mud supply, suggesting high 

precipitation, and possibly the humid conditions may have resulted in a high hemipelagic mud 

supply from the Orange River. These periods are also characterized by high MARterr and 

LSR (Fig. 2), signifying an increased delivery of clastic material via the Orange River. A high 

supply of clastic material from the Orange River between 9.6 and 9.3 Ma, which additionally 

is supported by an increase in coarse shelf-derived particles (Diester-Haass et al., 2004), 

correlates with the ‘carbonate crash’ event at 9.6 to 9 Ma in the SW Africa (e.g., Diester-

Haass et al., 2004; Krammer et al, in press; Kastanja et al., subm.; Westerhold et al., 2005). 

This might be related to the development of the East Antarctic ice sheet during the Late 

Miocene (Zachos et al., 2001b) and sea-level lowering, which should have shifted the river 

mouth closer to the shelf edge, causing erosion and increasing the river sediment load to the 

continental slope. This signifies that during the carbonate crash event between 9.3 and 9 Ma, 

dilution by terrigenous material plays a significant role in controlling the decrease in 

carbonate content. 

The ratio of the fine to the coarse eolian end members (EM 3/EM 4), reflecting the eolian 

grain size, is interpreted as a measure of the intensity of the southeastern trade winds, which 

acted as the transport agent of eolian dust (Fig. 8). The Late Miocene was characterized by an 

expansion of ice sheets on Antarctica (Zachos et al., 2001). The supply of cool intermediate 

waters to mid-latitude surface waters in the upwelling regions progressively decreased 

moisture levels in the atmosphere in the hinterland (Flower and Kennett, 1995), which initiated 

the Benguela upwelling (Siesser, 1978). The Late Miocene record indicates that the trade 

winds were initiated at 10.6 Ma (Fig. 8). This is in agreement with the establishment of the 

trade-wind-driven Benguela upwelling system around 10 Ma (Hay and Brock, 1992). 

Moreover, Diester-Haass et al. (1990, 1992) have postulated a northward shift of the Benguela 

current since the Middle Miocene that might have strengthened upwelling at about 10.5 Ma. At 

the study area, the strengthening of trade-wind-induced upwelling is noted after 10 Ma, and 

this is accompanied by gradual decrease of river runoff, indicating less humid conditions in the 

region of SW Africa. This is supported by drying in southern Africa, which is documented at 

10 Ma from isotope and geochemical studies in the Walvis Bay (Partridge, 1993).  
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4.6. Conclusion and summary 

(1) The unimodal grain-size distributions of carbonate-free silt fractions contain important 

information about different transport mechanisms. Four end members are determined 

by an end-member modelling algorithm in the grain-size distribution of the Late 

Miocene deep-sea sediment core from Site 1085 off SW Africa. The two finest-grained 

end members are interpreted as hemipelagic mud, transported by the Orange River, 

whereas the two coarsest end members are interpreted as coarse and fine eolian dust.  

(2) The end-member modelling results of the grain-size distribution, and their 

corroboration with chemical and mineralogical analyses of Cape Basin sediments 

indicate that prior to 10 Ma humid conditions and high precipitation rates transported 

high amounts of mud from the Orange River by suspension. 

(3) The wind strength record shows intensified trade winds at 10.6 Ma, signifying the 

establishment of the trade-wind-driven Benguela Upwelling system. A shift from 

humid to less humid conditions at around 10 Ma is indicated by the strengthening of 

trade-wind-induced upwelling and by a gradual decrease in runoff intensity. 
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5. Summary, conclusions and perspective 

Deep-sea sediments from the SE Atlantic at ODP Leg 175 (Sites 1085 and 1087) and 

Leg 208 (Site 1265) off the continental margin SW African and Walvis Ridge provide a 

unique record of Miocene sedimentation. In this thesis the results of a comprehensive data 

collection mainly from analysis of grain-size distribution, together with mineralogical, and 

bulk geochemical analysis have been applied for reconstructing mechanisms and sediment 

transport pathways, and interpreting paleoenvironmental and paleoclimatic signals in 

Neogene sediment of the South Atlantic. The development of the Benguela upwelling system, 

Miocene carbonate crash events, and the Miocene CCD crisis were of our special focuses. 

The obtained multidisciplinary proxy records of the Miocene African climate development 

were coupled with the application of end-member modelling to understand controls of 

sediment transport variation in relation to paleoclimate change.  

The variation of carbonate and terrigenous deposition from the Middle to Late Miocene 

sediment records were associated with changes in the atmospheric circulation pattern. The 

results showed that the driving process of carbonate crash events was complex and differed 

compared to previous investigations in the same area and other regions. The Miocene 

carbonate crash events in the eastern Equatorial Pacific (Lyle et al., 1995), western Equatorial 

Atlantic (King et al., 1997) and Carribean Sea (Roth et al., 2000) are interpreted to be 

predominantly controlled by dissolution and shoaling of lysocline as a response to the closure 

of Central American Seaway (CAS). At the continental margin off SW Africa (ODP Sites 

1085 and 1087), the causes of these events are definitely different. Here, they are controlled 

by changes in carbonate production and dilution by increased terrigenous input as a response 

to a lowering of sea level. Interestingly, the Miocene carbonate crash event was not detected 

in the open ocean settings on the Walvis Ridge, e.g., ODP Site 1265. It is thus questionable if 

the event can be called a ‘global’ event at all. More and detailed investigations of potential 

Middle to Late Miocene sites, especially in the different South Atlantic realms are needed to 

decide whether the Miocene carbonate crash event was a truly global event or just represents a 

more regional phenomenon. In order to compare results from the study area with other 

Miocene ‘carbonate crash’ event sites (apart from ODP Leg 175 and 208) with regard to onset 

and causes of the event, more specific and detailed dataset and approaches are needed. 
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From the terrigenous grain-size distribution in combination with bulk geochemical and 

mineralogical parameters Miocene sediment transport mechanisms are deduced in accordance 

to paleoclimate variations. With the application of end-member modelling four distinct 

transport processes were detected by the terrigenous silt grain-size distribution and the 

interactions between the reorganization of the world oceans and climate events during the 

Miocene were determined. This includes the establishment of the wind-driven Benguela 

upwelling system and close timing of aridification in South Africa that probably was related 

to the expansion of the Antarctic ice-sheet and intensification of Southern Hemisphere winds.  

The size distribution of the carbonate silt fraction of the sediments was investigated to 

trace winnowing and carbonate dissolution in relation to the global changes in deep water 

chemistry and production in the open Southeast Atlantic Ocean during the Miocene CCD 

crisis event. The comparable results from the coarse carbonate silt fraction with other classic 

carbonate dissolution proxies shows that this approach can be used as a proxy for carbonate 

preservation. This proxy may be applied in other areas where the carbonate content of the 

sediments is comparably rich. In order to gain a better understanding about the Miocene CCD 

crisis in the South Atlantic Ocean, future studies should also include a similar comprehensive 

dataset as applied in this study. 

From the results of this study it can be concluded that analysis of silt grain-size 

distributions provides a very efficient tool to infer the temporal variations in sediment sources 

and input as well as to assess carbonate dissolution. In the case of carbonate-rich sediments of 

the pelagic open ocean, the measurement of grain-size distribution using micromeritics 

SediGraph frequently failed due to the limited terrigenous material left. Therefore the 

combined use of different devices (e.g., Laser Particle sizer) may avoid the methodical 

limitations. Finally, the link of carbonate grain-size distribution with dissolution needs to be 

verified and advanced with other fragmentation/preservation proxies (e.g., Bulloides 

dissolution index). 
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