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ABSTRACT 

Ocean currents play an important role in shaping the climate of the earth. Studying sedi- 
ments deposited by ocean currents help us understand the development of these currents 
and their influence On palaeoclimate. 

The South Atlantic Ocean is a place where dominant water masses as the Antarctic Bottom 
Water and the North Atlantic Deep water meet. Seismic data over the Agulhas Ridge, 
collected by the Alfred Wegener Institute, and sediment core data from Sites 1088, 1089 
and 1090 of the Ocean Drilling Program Leg 177 are connected to understand the palaeo- 
oceanographic history of the south Atlantic ocean after the Gondwana break-up. 

The physical properties measured on the sediment cores are used to create a link between 
structures observed in reflection seismic data to layers and hiatuses in corresponding sed- 
iment bodies. This way, an extrapolation of the observations at the drilling locations over 
a wider area is made possible. 

An hiatus present in the early Oligocene section of the cored sediments at ODP Site 1090 
can be traced over a wide area in the seismic data of the Cape Basin. This hiatus corre- 
sponds to a change in sedimentation in the early Oligocene, from rapidly accumulating 
sediment sheets to the build-up of distinct drift structures. Large scale drift structures are 
observed in the seismic data parallel to the Agulhas Ridge. 

'fhere is still a controversy about the timing of the opening of Drake Passage as a gateway 
for deep water masses in the Oligocene, and its role as a critical gateway in the devel- 
opment of the Antarctic Circumpolar Current as a prerequisite for the formation of deep 
water near Antarctica. The data from the Cape Basin adds additional insights in this de- 
bate, as it shows that deep water influx from the Antarctic region into this area has existed 
since the early Oligocene. 

The accumulation of contourite sediment structures found in the Cape Basin indicate a 
sustained influx of sediment particles by a deep water current, interrupted by periods of 
erosion or non-deposition in the middle Miocene and early Pliocene. 

The south-westward direction of the bottom current transporting the sediments, following 
the bathymetric contours of the Agulhas Ridge in the Cape Basin, is inferred from the 
geometry of the layers within the contourite drifts. This direction is similar to the presently 
active bottom tun-ent consisting of Circumpolar Deep Water. 





1. INTRODUCTION 

The earth's climate has gone through a significant change since the end of the Eocene from 
a warm 'Greenhouse' state with ice-free polar regions , to the present 'Icehouse' state. 
This transition is intimately cormected to the opening of the South Atlantic Ocean after 
the Gondwana breakup during the Cretaceous. During this period, South America and 
Africa drifted apart along the Falkland-Agulhas Fracture Zone, a transform fault which 
extends frorn the east coast of South Africa to the southern tip of the American continent 
(LaBrecque and Hayes, 1979; Marks and Stock, 2001). The glaciation of the now sepa- 
rated Antarctic continent started around the Eocene/Oligocene boundary with the opening 
of the Tasmanian gateway and the Drake Passage (Barker and Burrell, 1977; Lawver and 
Gahagan, 1998), although it is not yet clear when this happened exactly. The opening 
of these gateways enabled the formation of the Antarctic Circurnpolar Current (ACC) 
(Kemett, 1977; Lawver et al., 1992) around Antarctica as a ring of water that brought a 
thermal Isolation to the continent and led to the establishment of the East Antarctic Ice 
sheet. Studies on sea-level curves (Haq et al., 1987) and oxygen isotope curves (Zachos 
et al., 2001) indicate that, after an initial cooling during the Oligocene, temperature rose 
again during the early and middle Miocene. In the late Miocene, a gradual cooling set in, 
which led to further glaciation of the Antarctic continent with the formation of the West 
Antarctic Ice Sheet (Kemett, 1977; Kennett and Barker, 1990). 

As a result of the reorganisation of the continents, the onset of a global thermohaline 
circulation was made possible. In the Southem Atlantic ocean this leads to the exchange 
and mixing of water masses which have their origin around Antarctica with water masses 
coming frorn the northem hemisphere. The waxing and waning influx of North Atlantic 
Deep Water (NADW) (Berger and Wefer, 1996) leads to variations in the relative amounts 
of these water masses, which is reflected in the sediments in the South Atlantic. The 
Agulhas Ridge (du Plessis and Simpson, 1974), sometime also narned Cape Rise, along 
the Falkland-Agulhas Fracture Zone on the southem border of the Cape Basin, restricts the 
north-south flow of bottom currents due to its pronounced topography. The sediments in 
this area form an excellent climate archive because variations in the sedimentation in this 
area mainly reflect the response of bottom current variations to different climatological 
conditions. 

Up until recently only limited data sets existed in the Agulhas Ridge area. The only 
previously existing seismic data consisted of single channel seismic data (Tucholke and 
Embley. 1984). For establishing a seismic stratigraphy more data and a deeper penetration 
was needed, and a seismic survey was plamed to Cover the area with multichannel reflec- 
tion seismic data, which were then collected on a 1997 cruise with the R N  Petr Kottsov, 
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Simultaneously, a drilling campaign by the Ocean Drilling Project (ODP) was carried out 
with the Joides Resolution of which three of the seven drilling locations of Leg 177, Sites 
1088-1090 (Gersonde, Hodell, Blum et al., 2003), were selected at and near the Agulhas 
Ridge. 

The objective of the work described here is to combine both the seismic and the ODP 
data sets to obtain new insights into eastem South Atlantic sedimentation by looking from 
different angles. This involves processing the data in a form to make them comparable, a 
complicated task which, with very few exceptions (Shipley, 1983; Sun, 2000; ZÃ¼hlsdorf 
and Spiess, 2001), is not normally done with ODP data. A second goal is to determine 
whether it is justified to regard extrapolated results obtained from the ODP data Set as 
representative for the sediments at some distance from the drill holes. The third goal is to 
determine thickness and structure of sediments by establishing a seismostratigraphy for 
the Cape Basin. The thickness of seismic units is indicative of variations in the amount 
of sediment transport and deposition, and also identifies erosion. The shape and internal 
stmcture of sediment bodies in the Cape Basin can indicate whether turbidity currents or 
contour currents control the sedimentation. A well layered structure within the sediment 
bodies is an indicator for variation of current strength, which has influence on the particle 
size of deposited sediments. 

Chapter 4 On page 21 (Wildeboer Schut and Uenzelmann-Neben, 2003) focuses On the 
technical aspects of combining seismic data with the information of physical properties 
measurements of cored sediments. Using data from boreholes is widely applied in the oil 
exploration industry, but usually in the form of measurements inside the holes with down- 
hole logging equipment, and complemented with additional checkshots. Such methods 
are difficult to deploy, if possible at all, in a deep-sea setting. For the three drill-sites of 
Leg 177, which were located on the Agulhas Ridge, downhole logging data was not avail- 
able and instead measurements were done on board of the Joides Resolution on specific 
core samples. 

The seismic survey crossed the location of the drilling holes. Using the physical prop- 
erties it is possible to correlate the various geological datasets with the seismic data. This 
allows for a joint interpretation of both micropalaeontological information of the sedi- 
ments and the seismic data, and is the topic of chapter 5 On Page 41 (Wildeboer Schut 
et al., 2002). 

The final chapter 6 on page 59 (Wildeboer Schut and Uenzelmann-Neben, 2005) dis- 
cusses the sedimentation Patterns which are observed in the seismic data. Variations in 
bottom current sedimentation reflect the response of oceanic currents to a changing cli- 
matic System. Patterns of sedimentation observed in the seismic data are indicative of the 
bottom current regime at the time of sedimentation. The results from a drilling campaign, 
by its very nature, are very much tied to the location of the operations, whereas seismic 
data Covers a much wider region. Extrapolating the results from the location of the drilling 
operations into the nearby Cape Basin establishes control on the age and extent of the var- 
ious sediment layers as seen in the seismic sections. A stratigraphy based on the seismic 
profiles gives insight into the extent and timing of sedimentation and thus the influence of 
climate events on the bottom current conditions in the southem Cape Basin. 



2. AN OVERVIEW OF THE SOUTH ATLANTIC 

2.1 Geography and oceanography of  the South Atlantic 

The eastem Atlantic ocean (Fig. 2.1 on the next page) consists of several up to 5 km deep 
ocean basins separated by ridge Systems which rise up to 2 km below sea-level. Near the 
equator the Guinea Seamounts separate the Angola Basin from the Guinea Abyssal Plain. 
Further south on this side of the Atlantic we find the Cape Basin, separated from the 
Angola Basin in the north by the Walvis Ridge, and from the Agulhas Basin in the south 
by the Agulhas Ridge. The Agulhas Rift, an now extinct spreading axis in the Agulhas 
Basin, marks the north-eastem tip of the Agulhas Ridge at 41Â°S 14OE. The south-westem 
end of the Agulhas Ridge is defined by the Meteor Rise (Fig. 2.2 on page 6) at 45OS, 4OE. 

The Western South Atlantic ocean consists of two large basins, the Brazil Basin in the 
north and the Argentine Basin in the south separated by the Rio Grande Rise. Along the 
South American Coast the Vema Channei enables the transfer of deep water between these 
two basins. Between the 5 to 7 km deep Argentine Basin and the much shallower Scotia 
Sea, lies the Falkland Plateau between 50Â° and the Scotia Ridge near 5S0S. 

The South West Indian Ridge and the American-Antarctic Ridge West of it separate the 
Atlantic Basins, from the Antarctic deep-sea areas of the Enderby Abyssal Plain and the 
Weddell Sea. 

The deep-sea ridge Systems and mountain ranges limit the exchange of deep-sea water 
masses between the ocean basins. Where gaps exist there will be interaction between 
bottom currents and the sediments of the sea-floor. This has been observed in the Vema 
Channel in the westem Atlantic, off the coast of Brazil (Mezerais et al., 1993; Faugeres 
et al., 1998) where contourite formations have been built up, ie. sediments were deposited 
along the contours of an elevated topography. The present study shows evidence that 
a similar scenario takes place in the eastern part of the Atlantic, with water funnelled 
through a relatively narrow gap between the Agulhas Ridge and the African coast. The 
current velocity accelerates during the Passage of the gap and erosion can occur. When the 
water masses are unleashed in the ocean basin, the velocity drops and the sediments which 
were carried along, or were picked up by the bottom current, are deposited. This process 
often builds up voluminous sediment bodies in the form of sheets, fans or sediment ridges; 
in the case of the Vema contourite fan it ainounts to a 200-400 m thick rnud-rich sediment 
accumulation by a bottom current of Antarctic origin (Faugkres et al., 1998). 
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Fig. 2.1: bathymetric map  of the basins und ridge Systems in the southern Atlantic ocean; abbreviations: 
AAR - American-Antarctic Ridge, Af - Africa, Am - South America, Ant - Antarctica, AP - Agulhas Plateau, 
AP - Agulhas Ridge, AgB - Agulhas Basin, ArB - Argentine Basin, DP - Drake Passage, EAB - Enderby 
Abyssal Plain, FP - Falkland Plateau, MAR - Mid Atlantic Ridge, MR - Meteor Rise, NSR - North, RGR - 
Rio Grande Rise, Scotia Ridge, SSR - South Scotia Ridge, SWIR - South West Indian Ridge, WR - Walvis 
Ridge, WS - Weddell Sea, VC - Vema Channel; bathymetry after Sandwell und Smith (1997). 
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2.2 Tectonic evolution of the Agulhas Ridge 

Mid-oceanic ridge spreading centres are at many places segmented through transform 
faults along fracture zones. Often, new ridge Systems with a considerable topography are 
formed along such transform faults, and separate ocean basins from one another. The 
Agulhas Ridge is such a ridge, formed along the Falkland-Agulhas Fracture Zone af- 
ter the Early Cretaceous break-up of West Gondwanaland. How the ridge was exactly 
formed is still unclear, Bonatti (1978) speculates that it may have formed by extension 
and subsequent serpentinite diapirism, others (Hartnady and Le Roux, 1985; Kastens, 
1987) consider hotspot magmatism as a source. 

The reconstructions of (Marks and Stock, 2001) places the extinction of the Agulhas 
Rift (Fig. 2.2 on the next page) as Part of the Mid Atlantic Ridge at 61.2 Ma. The active 
spreading centre has since jumped to the West and left an offset of only -180 km (Barker, 
1979) between the segments of the mid-oceanic ridge System at both sides of the fracture 
Zone. This ridge jump involved the creation of the Meteor Rise (LaBrecque and Hayes, 
1979) and the transfer of lithosphere from the South American plate to the African plate 
(Hartnady and Le Roux, 1985) in what is now the Agulhas Basin. 

The Agulhas Ridge is clearly separated in two segments divided by the transform fault. 
This is visible on satellite derived bathymetry maps (Fig. 2.2 on the following page), but 
especially on a north-south transect of the seismic data collected for this research (Fig. 2.3 
On Page 7). 

Due to the nature of the ocean floor spreading process, lithospheric age differs across 
the transform fault, and therefore also the sedimentation and erosion history of ridge seg- 
ments directly opposite of transform faults are different. 

The elevated topography at the flanks of transform faults can be explained as a flexural 
response of the lithosphere. Sandwell (1984) shows that vertical tectonic movement re- 
mains along fracture zones even after migration of the active segments. This enables frac- 
ture zones ridges to maintain their topography, in spite of erosion and the subsidence that 
takes places when oceanic lithosphere ages. Long fracture zones, such as the Falkland- 
Agulhas Fracture Zone, are according to Cande et al. (1988) resistant to a shifting drift 
direction of the continents, thus largely preserving the original orientation. Combined 
with the absence of an active spreading since the beginning of the Cenozoic, can the as- 
sumption been made that the Agulhas Ridge has largely existed in much the Same shape 
as today, throughout the Neogene. 

The exact tectonic history of the Atlantic ocean south of the Falkland-Agulhas Frac- 
ture Zone is not yet fully understood. For the Agulhas Basin, some authors suggest 
that a Malvinas plate was located inside the Agulhas Basin during the Late Cretaceous. 
LaBrecque and Hayes (1979) proposed the idea of a Malvinas plate which existed from 
Campanian to Maestrichtian times based on magnetic data, and Marks and Stock (2001) 
reach a similar conclusion based on gravity field analysis. Others however, do not See 
indications for such a plate (Livermore and Woolet, 1993). 
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Fig. 2.2: Buthymetric map of the Agulhus Ridge (Sundwell und Smith, 1997) with the location of the 
seismic projles. The dots indicute the locution of ODP Leg 177 drill-sites, und Sites 360 und 361 of 
DSDP Leg 40. The location ofan extinct mid-oceun spreuding centre is indicated by the dushed line. 
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2.3 Oceanography 

. . 

6g021'S 60's 50's 40's 30's 20's 10"s 0' 4O49'N 
Latitude 

Fig. 2.4: Potential temperatiire (Â¡C ofthe southem Atlantic ocean in a cross sectionfrom Antarctica to 
5 O N  along the Greenwich meridian; from Reid (1989). The peak at 40's is not the Agulhas Ridge but 
one of the Discovery Seamounts. 

The present ocean circulation is characterised by the large scale exchange of water 
masses between the oceans through the global conveyor belt. Since this mechanism con- 
nects all the oceans water masses, this means that the climate of the northern and southem 
hemispheres are coupled to each other as well. The main contribution to this conveyor 
Comes from Atlantic Ocean water (20 Sv) and Pacific Ocean water (15 Sv), with a smaller 
contribution from the Indian Ocean (5 Sv) (Anisimov et al., 2002). On the other hand, be- 
fore the reorganisation of continents following the Cretaceous Gondwana breakup, circu- 
lation was restricted within regional cells (Droxler et al., 1998). The global circulation was 
only possible after gateways opened around Antarctica in the Oligocene (Lawver et al., 
1992; Lawver and Gahagan, 1998; Latimer and Filipelli, 2002), and others closed, such as 
the Panama gateway in the late Miocene (Mikolajewicz et al., 1993; Droxler et al., 1998). 
Presently, the South Atlantic is dominated by water masses originating near Antarctica, by 
southward flowing North Atlantic water masses, and contributions from the Indian Ocean, 
entering the Cape Basin in the form of Agulhas Rings (Lutjeharms, 1996; De Ruijter et al., 
1999). 

The geologic history at Site 361 of DSDP Leg 40, located in the Cape Basin near the 
African coast (Fig. 2.2 on page 6) shows that sedimentation shifted from a terrigenous 
to a pelagic input at the Cretaceous-Tertiary boundary (Melguen, 1978). This shows that 
ocean currents are the major source of sediment supply for the eastem South Atlantic. 
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Fig. 2.5: Locution of the frontal zones in the eastern south Atluntic ocean (from Gersonde, Hodell, Blum 
et al., 1999). 
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Water masses originating in the Antarctic region enter the Atlantic Ocean either directly 
in the case of Antarctic Bottom Water (AABW) from the Weddell Sea, or through the 
Drake passage, between south America and the Antarctic Peninsula in the case of the 
Antarctic Circumpolar Current (ACC). ACC water is funnelled through the Scotia Ridge 
system, which rises up to 1000 m below sea level before it enters into the Atlantic Ocean. 

The Antarctic Bottom Water (AABW) is a cold water mass which has two main sources, 
the Weddell Sea as the very cold (potential temperature < -0.8OC) and fresh (salinity < 
34.63 %o) Weddell Sea Bottom Water, and the ROSS Seas more saline ROSS Sea Bottom 
Water (Orsi et al., 1999). Overall the the general characteristic of the AABW is that it is 
a cold (potential temperature below OÂ°C See Fig. 2.4 on page 8) and dense water mass. 
It's density prevents AABW to pass the Drake Passage sill, which in turn prevents the 
lateral mixing of the various bottom waters. Several ocean ridge systems constrain deep 
current flow, in the eastem Atlantic sector of the Southem Ocean specifically the South 
West Indian Ridge, which marks the northern boundary of AABW (Mantyla and Reid, 
1983). 

The North Atlantic Deep Water (NADW) is a relatively warm (2 - 3OC potential tem- 
perature) (see Fig. 2.4 on page 8) and salty (salinity 34.8 - 35.0 %o) water mass (Reid, 
1989) produced On the northern hemisphere. 

Intensive mixing of AABW with NADW occurs when these water masses are absorbed 
in the Antarctic Circumpolar Current (ACC), which lies as an insulating ring of water 
circulating around Antarctica. Upon reentering the Atlantic through the Drake passage, 
the Circumpolar Deep Water (CDW) splits off of the ACC and flows northward into the 
basins of the Atlantic Ocean (Rintoul, 1991). It Starts out as a relatively near-surface water 
mass, and is, with a potential temperature > OÂ° (Fig. 2.4 on page 8) less dense as the 
AABW is, and therefore not blocked by the ridge systems in the vicinity of Antarctica. 
The CDW is also more saline than the AABW, but less so than the the NADW (Reid, 
1989). This causes the CDW to be separated in an upper and a lower branch by the 
NADW (Mantyla and Reid, 1983; Reid, 1996; Orsi et al., 1999). The lower branch of the 
CDW enters the Agulhas and Cape Basins as a bottom current and is thought to follow 
a counter-clockwise path around the Agulhas Ridge (Tucholke and Embley, 1984; Sykes 
et al., 1998). The Walvis Ridge is as the northward boundary for die lower CDW, whereas 
the upper branch can be found over the entire South Atlantic (Reid, 1989). 

The Antarctic Intermediate Water (AAIW) overlies the upper branch of CDW. It origi- 
nates from the surface waters near Antarctica (Turneau and Ledbetter, 1989) and consti- 
tutes the major part (63% from the Drake Passage and 16% from the South Indian Ocean) 
of the intermediate water mass flow in the central South Atlantic crossing the 25OS latitude 
(You et al., 2003). It is a relatively light and fresh water mass which can be traced from the 
Sub Antarctic Front (SAF) (Fig. 2.5 on the preceding page) up to the equator (Meredith 
et al., 1999). The AAIW follows an anti-cyclonic path in the Cape Basin (Shannon and 
Hunter, 1988). 

The band of water involved in the ACC can be subdivided in zones with distinct surface 
water characteristics (see Fig. 2.5 on the previous page). The Antarctic Polar Front (PF), 
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defined as the northemmost 2OC isotherm (at 200 m depth) shows a sharp drop in surface 
temperature as the Antarctic surface water sinks below the Sub-Antarctic Water near 5OoS 
(Lutjeharms and Valentine, 1984; Lutjeharms, 1985). This Sub-Antarctic Water in turn 
sinks below the Sub-Tropical Surface Water at the Subtropical Front (STF) at -39OS, 
causing a sharp thermal gradient. The highest thermal gradient in this Zone however, exists 
at the Sub Antarctic Front (SAF) at -45's (Lutjeharms and Valentine, 1984; Lutjeharms, 
1985). This is where cold, nutrient and oxygen rich Antarctic water separates from the 
warmer and less nutrient rich Sub-Antarctic waters. Different temperature and salinity 
conditions of near surface water masses impact on the primary sediment production of 
foraminifers and diatoms, which are observable in the geologic record in which they can 
be studied as a proxy for palaeoceanographic conditions. Indeed, there is a change in the 
lithology from diatom ooze south of the PF to a mixed siliceous-calcareous ooze near the 
SAF (Gersonde et al., 1999). 

Oceanographic models indicate that increased fresh water input in the northem hemi- 
sphere leads to reduced NADW production and northem hemisphere cooling. The south- 
ern hemisphere reacts with a more vigorous ACC current, which in turn leads to increased 
cooling and sea-ice growth in the Antarctic, and this again results in increased AABW 
production (Rind et al., 2001). In this way, the South Atlantic ocean is affected not only 
by glaciation of the Antarctic, but also by northem hemisphere glaciation. The response 
to the northem hemispheres glaciation cycles are indeed observable in the ODP Leg 177 
sediments (Shipboard Scientific Party, 1999~) .  Various studies also indicate a correlation 
of sea-level variations with the size of the Antarctic ice eap (Haq et al., 1987; Abreu and 
Anderson, 1998; Zachos et al., 2001). 
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3. AVAILABLE DATA 

3.1 Processing of the seismic data 

In December 1997, eight profiles of seismic data (Table 3.1 on Page 15) were collected 
over the Agulhas Ridge area (Fig. 2.2 on Page 6) on board of RN Petr Kottsov, the first 
multichannel seismic data available in this area. 

The source of the seismic data were two GI (Generator 1njector)-gunsTM (45 ci each) 
which emitted seismic waves with a centre-frequency around 75 Hz (Wildeboer Schut 
and Uenzelmann-Neben, 2003). The seismic reflections were recorded using a 2400 m 
long oil filled SyntronTM streamer behind a 50 m long lead-in cable and three 50 m stretch 
sections. This streamer consisted of 96 hydrophone groups, more conveniently called a 
channel, at 25 m interval spacing between the group centres. The EG&G Geometrics 2420 
Instrument digitally recorded 8192 ms of seismic data per shot, at a 1 ms sample interval, 
on magnetic tapes which were s sequently processed (see the flowchart in fig. 3.2 on 8 Page 16) with Paradigms DISCO processing software on ConvexTM C3420 and Silicon 
Graphics Origin 2000 computing Systems. 

The first processing step is to transform data from a multiplexed (data from all channels 
stored consecutively at each time step) SEG-D format into demultiplexed (data ordered 
per channel) format. A plot of a single channel now gives a first impression of the quality 
of the data, and helps to select locations for velocity analysis. Rough weather, which is 
cornmon in the area under study, was responsible for many sections with poor data quality. 
A manual check of these 74000 shot records for dead traces is too labour intensive, there- 
fore an automatic editing of traces based on both anomalous amplitudes and frequencies 
was applied. Also, two channels appear to be to weak (i.e. have a signal-to-noise ratio too 
poor to recover during processing) throughout the survey and were discarded. 

The data were, after demultiplexing, sorted within 25 m sub-surface intervals to form 
common midpoint gathers. Figure 3.3a shows a typical CMP-gather (profile AWI-98003, 
CMP 4800) before processing. Reflections are already visible, but both very high fre- 
quency noise, especially at large offsets, and noise with a period much larger than the 
reflections obscures the continuation of reflectors. The amplitude spectrum shows (in fig- 
Ure 3.l(a) on Page 15) that noise for near offsets is largely restricted to the low frequency 
range, up to approx. 20 Hz. The signal recorded at far offsets on the other hand is more 
attenuated, thus the impact of low frequency noise is bigger, and a wider frequency filter 
stop-band needs to be deployed. Also some high-frequency noise is present in the large 
offset data, especially a strong 50 Hz electrical noise component. Application of a filter 
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with a pass-band from 10 Hz to 250 Hz and fully Open between 25 Hz to 200 Hz for  the 
nearest channels, and 55 Hz to 200 Hz from channel20 upwards, removes most noise (as 
can be Seen in Fig. 3.1(b) on the facing page). 

Now an interactive determination of RMS-velocities can be done, and was carried out 
on a Sun UltraSparcTM 5 workstation. These velocities are used to compensate for offset 
dependent differences in the path followed by the seismic waves from source to receiver, 
the so called Normal Moveout (NMO) correction, which essentially transforrns the data so 
as if it were recorded with source and receiver both directly above the centre of the CMP. 
Also, this velocity is used in the calculation of the amount of compensation necessary 
to adjust for diminishing energy with increasing offset, due to spherical expansion of the 
seismic waves. Figure 3.4a again shows profile AWI-98003, CMP 4800, now with spher- 
ical spreading compensation, and NM0 correction applied. The reflectors are continuous 
over the whole offset range, but still the depth of a reflector varies by approximately half a 
wavelength. This is undesirable if the traces are surnrned (stacked) to one composite trace 
per CMP location, as the strength of a reflector gets cancelled out due to surnmation of 
traces with an excursion of opposite sign. To Counter this effect a technique called residual 
static correction is applied, which normally is used in the processing of land seismic data. 
Correlation of all traces at one single shot location, or one single receiver location, are 
used to line-up the events within a CMP-gather. Although the depth of the hydrophone- 
group at a certain location is not fixed over time, in contrast to a geophone group in land 
seismic data, figure 3.4b shows that this procedure has successfully lined up the various 
reflectors. With the reflectors aligned, there is obviously still a lot of incoherent noise, and 
a coherency filter is applied to reduce such noise while leaving the the reflection energy 
unaffected (see Fig. 3 .4~) .  Figure 3 . 3 ~  shows this record with NM0 correction removed 
to illustrate the effects of coherency filtering compared to a record with only bandpass 
filtering (Fig. 3.3b). Especially the weak reflections at large (>I500 m) offsets benefit 
considerably from such a processing step. 

A velocity analysis was done every 100th CMP, which translates into an interval of 
2.5 km, and at additional locations with varying stratigraphy as identified on the plot of 
a section of a single channel unprocessed data or when poor quality data prevents an 
accurate deterrnination of RMS-velocities at certain locations. 

The NM0 corrected data is then stacked into a single zero-offset trace with a far better 
signal to noise ratio than the individual traces of a CMP gather because non-coherent noise 
is suppressed. The resulting stacked section is an image of the sub-seabottom, which, al- 
though it represents the stratigraphy, is still difficult to interpret, because the shape of 
geological structures are not represented correctly yet, Therefore a final step, migration, 
was carried out on the stacked data, both to increase the definition of seismic reflectors 
and for being able to accurately determine the shape of structures inside the ocean basin 
sediments bodies. For migration, it is critical to have a correct velocity model, for it can 
seriously distort stratigraphic features. If done correctly, then diffraction energy, which is 
always present in the stacked section because it is a coherent signal, should be contracted 
to one single point. The ability to suppress diffraction hyperbolas is thus an indicator 
for the effectiveness of the migration and the correctness of the velocity field that was ap- 
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plied. A finite difference migration yielded superior results, although it is computationally 
more intensive than other migration methods. The migrated sections were loaded into the 
Landmark seismic interpretation System SeisWorksTM in which seismic horizons can be 
tracked across connected profiles, and correlated with the physical properties measured 
on the core data acquired on ODP Leg 177. 

Since the Agulhas Ridge comprises a deep-ocean setting, there are no multiples at lo- 
cations where it could be dismpting to the interpretation of the data. Therefore multiple 
suppression techniques like deconvolution have not been applied. A test with applica- 
tion of deconvolution to enhance the signal did not result in improved definition of the 
reflectors, and thus was not needed, and indeed would even be harmful if it were applied, 
because it deteriorates the possibility to successfully correlate the seismic data with core 
log data. 

profile 

AWI-98001 
AWI-98002 
AWI-98003 
AWI-98004 
AWI-98005 
AWI-98006 
AWI-98007 
AWI-98008 

number 
of shots 
17955 
9516 

11793 
9156 
644 1 
6428 
3171 
9540 

Start of line 
northing 

-41' 8'25" 
-42'55'44'' 
-40'54' 3" 
-43'12'58'' 
-40'59' 17" 
-42' 8'54" 
-40'35'1 1" 
-41' 7' 1" 

easting 
13'34' 15" 
8O53'44" 
9'55'19" 
11'44' 0" 
11'43' 8" 
13' 6' 2" 
13O43' 5" 
14O33'31" 

end of line 1 total length 
northing 

-42'55'27" 
-40'54'58'' 
-43O13' 6" 
-40'59'59" 
-42O 9'55" 
-40Â°34'59 
-41Â 6'24" 
-41Â 9' 0" 

Tab. 3.1: location and length of the seismic projiles over the Agulhas Ridge 

Frequency (Hz) 

(a) channels l trough 19 (b) channels 20 trough 96 

Fig. 3.1: The light coloured curve shows the amplitude spectrum of the data (profile AWI-98003, CMP 
location 4800). Superimposed, using the same scale, in a darker colour is the amplitude spectrum after 
bandpassjiltering. 
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seismic data navigation data 

Eh- 

( common mid~oint sort ) 

r trace edit 'l 

( bandpass filter 3 

velocity analysis - residual static application 

l 
normal moveout correction 1 

( spherical divergence correction residual static analysis 

fx filter common midpoint stack 

C dip filter 1 
l 
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l 

finite difference rnigration 
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Fig. 3.2: Flowclzari ofthe processing steps for rhe seismic data. 



AGULGHAS RIDGE AWI-98003 cdp 4800 

Fig. 3.3: Seismic data of projle AWI-98003 at CMP location 4800 U )  unprocessed data; b)  bandpassfiltered data; C) bandpass und coherency 
jiltered data; the offsets of the traces are annotated in m 
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3.2 Palaeon tological data 

The ODP Leg 177 cruise with the Joides Resolution from Cape Town to Punta Arenas 
in Chile was held from 14 December 1997 until 6 Febmary 1998, concurrently with the 
Petr Kottsov seismic survey. It was the first Southern Ocean drilling project since the 
DSDP Leg 71 and ODP Legs 113, 114, 119 and 120 in the 1980's. These data how- 
ever were inadequate for comprehensive high resolution palaeoclimatic reconstmctions, 
mainly due to recovery losses. The objective of Leg 177 therefore was to collect long, 
continuous records (Gersonde, Hodell, Blum et al., 1999), that would allow interpretation 
on a millenial timescale of late Neogene sediments and to add to the biostratigraphic and 
palaeoceanographic history of the high southem latitudes of the global climate archive. as 
established through previous drilling by the ODP project. 

A total of 7 locations (Gersonde, Hodell, Blum et al., 1999) were drilled between 41Â° 
and 53OS on the Agulhas Ridge, the Meteor Rise and within the circum-Antarctic opal 
belt (Fig. 2.5 on page 9). These seven sites Cover a north-south transect in with Cenozoic 
sequences from various ocean bottom depths, such that the influence of all the major water 
masses of the South Atlantic were represented in the cores, with the oppomnity to study 
the mixing behaviour of these water masses. 

An important goal is the dating of biostratigraphic markers through calcareous and 
siliceous microfossils and a correlation with the geomagnetic record and isotope stratig- 
raphy. Several chemical and physical properties were measured On the core samples. 
Changes in these records result from a change in climatic conditions as well as from vari- 
ations in oceanographic conditions. The measured physical properties can be correlated 
with variations in the biostratigraphic record as well as with seismic data, which gives the 
opportunity to track events in the geological sequence in the seismic data. 
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4. THE CHALLENGE OF TIEING SEISMIC DATA T 0  
GEOLOGIC INFORMATION: AN EXAMPLE FROM ODP LEG 

177, SITES 1088-1090 * 

Etienne Wildeboer Schut and Gabriele Uenzelmann-Neben 

Abstract 

The integration of seismic data with core data provides ground-truth to a struc- 
tural interpretation of seismic data. The most important difficulty that arises in an 
integration effort is the correct translation between the different scales of the core 
data and the seismic data. In the absence of check-shots, detailed knowledge of the 
velocity structure at the drilling locations is required, either from downhole logging 
measurements, velocity analysis of the seismic data, or direct measurements On core 
samples. Three of the seven drill-sites during ODP (Ocean Drilling Program) Leg 
177 in the south-eastern Atlantic were located on the Agulhas Ridge and connected 
through eight seismic profiles. Synthetic seismograms created from velocity and 
density measurements on selected core samples generally show a good agreement 
with real seismic data with respect to amplitude and waveform, whereas timing of 
the events is troublesome. The use of velocity profiles with inaccurate sections along 
cores, a false depth scale due 10 recovery problems, and inaccuracies in the posi- 
tioning during both seismic and coring operations are the main shortcomings of this 
method. The main reflectors identified On seismic data correspond to hiatuses or peri- 
ods of reduced Sedimentation rates, and correlate well with density variations. In this 
way the cored data provide a calibration tool for the overall geological interpretation 
of the seismic sections. 

Key words: South Atlantic; Agulhas Ridge; palaeo-reconstruction; seismic; core logs; ODP Leg 
177; Site 1088; Site 1089; Site 1090 

4.1 Introduction 

To obtain a comprehension of the geological history of a study area often requires the 
integration of data from different disciplines, available in different forrns. Petrophysical 

* Submitted for publication 
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Fig. 4.1: a )  Bathymetty map of the Agulhas Ridge area (ajier Sandwell und Smith 
(1997)); 
b)  with seismic profiles AWI-98001 through AWI-98008 und drilling locations of ODP 
Leg 177 Sites 1088, 1089 and 1090 (big dots). 



4.1. INTRODUCTION 

inforrnation, when available in analogue form by core samples, has to be made compa- 
rable with the geophysical data, usually in digital form, such as seismic data. This paper 
addresses some of the problems that arise in linking these two types of data. Usually, 
downhole logging data is used to link seismic and well data, supplemented by check- 
shots, i.e. a geophone is insested in the well and records the traveltime of the seismic 
waves generated by a source near the top of the hole, a procedure typically repeated a t  
several marker horizons. In case no such data are available, but core samples do exist, 
tools like P-Wave Logger (PWL) for P-wave velocity data and Gamma Ray Attenua- 
tion Porosity Evaluator (GRAPE) for density, can provide data directly measured On core 
samples. Unfostunately, this can introduce serious bias, as the in situ conditions in the 
well differ from the conditions in the lab. This is due to decompression of the samples, 
pore-fluid variations, material loss during drilling operations and temperature variations 
(Boyce, 1976; Hamilton, 1976). Also the cores are usually sampled at a spatially small 
interval, and sometimes at issegular intervals, compared with the sampling rate typically 
applied in a seismic survey. The integrated velocity profile, expressed in a depth scale 
to tie the depth domain sampled core data with time domain seismic data, could produce 
inaccurate results with respect to the depth of seismic reflectors. 

ODP data from Leg 177, located in the southem Atlantic Ocean (Fig. 4.1a), is shown as 
an example of core to seismic cosselation. The cores of this Leg were collected with the 
objective to reconstsuct the palaeo-oceanographic history of the southem Ocean during 
the Palaeogene and early Neogene (Gersonde, Hodell, Blum et al., 1999). This is the time 
frame during which the Antarctic ice sheet developed, associated with major changes in 
oceanographic currents (Lawver and Gahagan, 1998). The core data was supplemented 
by seismic data acquired during a seismic cruise by the Alfred Wegener Institute which 
collected approx. 2000 km of multi-channel reflection seismic data. Cosselation of seis- 
mic reflectors with cores offers an indication of the coverage and the sediment transport 
of palaeo-currents and can show how widespread hiatuses are. 
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Dialom ooze 

Terrigenous mud 

-..- Chert 

- Hiatus 

.*+ ca~careous ooze 

Foraminiferal ooze 

Nannofossii ooze 

Fig. 4.2: Summary of lithologies for ODP Leg 177 Sites 1088, 1089 und 1090 after 
Shipboard Scientific Party (1999a,b, c,d). 
wd = water depth. 
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Fig. 4.3: lndicated are the depth ranges for which physical properties nzeasurements exist of P-wave 
Logger (PWL) derived seismic P-wave velocity, Gamma Ray Pomsity Evaluator (GRAPE) derived den- 
sities and Moisture and Density (MAD) density nzeasurements. Not every type of measurement is always 
available for each hole of Sites 1088, 1089 arid 1090. 

4.2 Leg 1 77 Holes 

ODP Leg 177 Sites were situated in the eastern South Atlantic, several hundred km 
south-west of Cape Town, South-Africa. Three of the sites were located near the Ag- 
ulhas Ridge, a ridge associated with the Falkland-Agulhas Fracture Zone (Fig. 4.la). The 
objectives of Leg 177 were to reconstruct the palaeo-oceanographic, bio-geographic and 
bio-stratigraphic history of the Antarctic region in the Palaeogene and early Neogene 
(Gersonde, Hodell, Blum et al., 1999) which includes the development of the Antarc- 
tic glaciation. A second objective was to obtain high-resolution late Neogene sediment 
records suitable for correlation and calibration with Antarctic and Greenlandic ice core 
data (Gersonde, Hodell, Blum et al., 1999). The Agulhas Ridge separates the Cape Basin 
from the Agulhas Basin by a 2.5 km elevation of the seafloor relative to the adjacent 
ocean basins (Fig. 4.1b). Up to 400 m of mainly calcareous sediments were cored on 
the Ridge and in the basins (Fig. 4.2). Site 1088, the northernmost site of Leg 177, is 
located on the Agulhas Ridge itself (Fig. 4.lb). The core with a length of 233 metres is 
constituted mainly of calcareous sediments, middle Miocene to present in age, and shows 
several hiatuses (Shipboard Scientific Party, 1999b). Three holes have been drilled, which 
could not be spliced accurately into one continuous section due to the lack of depth ranges 
that were cored in multiple holes. Site 1089 is located in the Cape Basin (Fig. 4.1b) and 
shows in the 264.9 m cored interval diatom ooze and nannofossil mud of an age mainly 
younger than Pliocene (Shipboard Scientific Party, 1999~) .  This short geological time 
Span, in comparison with Sites 1088 and 1090, is characterised by high sedimentation 
rates, which allows for a high, millennial scale, temporal analysis of the cored data. The 
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Fig. 4.4: P-wave velocity from PWL measurements and density from GRAPE measurements for Sires 1088, 
1089 und 1090 of Leg 177. 
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porosity of the sediments at this site is higher than those of sites 1088 and 1090. Also, it 
is affected by much more siliceous components. The oldest sediments were recovered at 
Site 1090, at the south western Part of the Agulhas Ridge (Fig. 4.1b). The 406 m cores 
contain sediments up to late Eocene, predominantly of calcareous composition. Several 
hiatuses have been found, which are linked to variations in deep water circulation. Be- 
tween lower Miocene and early Pliocene, an 11.7 My. hiatus was found, possibly related 
to the emplacement of cold and corrosive bottom water masses (Galeotti et al., 2002). An 
hiatus between Pliocene and Pleistocene (Shipboard Scientific Party, 1999d) is likely due 
to variation in the depth and location of the boundary between various deep water masses 
(Venz and Hodell, 2002). 

Because none of the holes of Leg 177 located near the Agulhas Ridge has downhole 
logging data available, the determination of the density and seismic velocity depends On 
shipboard measurements on whole-round core sections run through a Multi-sensor Track 
(MST) and sampled at an interval of either 2 cm or 4 cm for physical properties (Ship- 
board Scientific Party, 1999a). Fig. 4.3 gives an overview of the depth ranges for which 
density and P-wave velocity values are available. Numerous intervals though, have no 
data available for either P-wave velocity or density or both, especially at Site 1089. The 
limited overlap in the depth range covered by the various holes of Site 1088, reveals 
why a hole-to-hole correlation was not possible (Shipboard Scientific Party, 1999b). The 
density of the core samples was obtained by GRAPE measurements (Gamma Ray Atten- 
uation Porosity Evaluator) and additionally weight and volume measurements On selected 
samples. These Moisture and Density (MAD) density measurements were generally only 
conducted once or twice per core section and on a few selected other samples, resulting in 
a very sparsely sampled log (Fig. 4.3). The GRAPE density values generally exist over the 
whole length of a hole (Fig. 4.3) and yield a series which can be used in the construction 
of synthetic seismograms after filtering of spurious measurements (Fig. 4.4). 

Overall there is a good agreement between MAD an GRAPE densities for all three 
Sites near the Agulhas Ridge. At Site 1088 a downhole increase of the density can be 
observed, which coincides with increasing carbonate content (Shipboard Scientific Party, 
1999b). The density data of Site 1089 shows an increase downhole as a result of com- 
paction. Site 1089 bulk density data shows a considerable cyclicity with a period of 120 - 
140 k.y. (Shipboard Scientific Party, 1999~) .  As in Site 1088, high density values at Site 
1090 correspond to low porosity, carbonate rich sediments. The lower density values cor- 
respond to intervals rich in diatom ooze (Shipboard Scientific Party, 1999d). Remarkable 
is a strong drop in density at 70 m, which coincides with a disconformity, below which 
biogenic opal content increases and carbonate content decreases. 

The P-wave velocity was measured by a P-Wave Logger (PWL) mounted on the MST, 
however this device suffered from a calibration error in the threshold detection during the 
sites cored at the Agulhas Ridge area (Shipboard Scientific Party, 1999a). Fig. 4.4 shows 
that there are clearly two trends for the P-wave velocity in all three sites, one near and 
above 1500 m/s and one that is lower and therefore unrealistic, as it is below the seismic 
velocity of water. A second instrument, a P-wave Velocity Sensor 3 (PWS3) has been 
applied on selected core samples which can be used to reconstruct a PWL curve. PWL 
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data were of poor quality at all three Sites due to high signal attenuation and insufficient 
contact between the sediment and core liner, combined with a non-optimum threshold 
setting (Shipboard Scientific Party, 1999b,c,d). As a result, a low signal can cause the 
auto-picker to pick the second wavelet rather than the first. This artificially lowers the 
recorded traveltime, and yields apparently slow velocities. 

Beside density and velocity measurements there were measurements On natural gamma 
ray emission, magnetic susceptibility and colour reflectance to aid in the hole-to-hole 
correlation of the samples. 

4.3 Seismic data 

During a seismic campaign in December 1997 and January 1998 carried out in the eastem 
South Atlantic by the Alfred Wegener Institute for Polar and Marine Research, seismic 
reflection profiles were collected with a total length of approx. 2000 km (Uenzelmann- 
Neben, 1998). This data Covers the Agulhas Ridge and the adjacent parts of the Cape 
and Agulhas Basins. The profiles connect the three locations of ODP Leg 177 that were 
located at the Agulhas Ridge. The tie between core data and seismic data provides the 
potential to extrapolate the findings of the core information over a wider area, as well as 
the possibility to calibrate the depth of seismic units as determined from processing the 
seismic data. An energy source of two GI-gunsTM, 45 cubic inch volume each and oper- 
ating at a pressure of 150 bar yielded records with a bandwidth of approx. 150 Hz and a 
frequency-maximum near 75 Hz (Fig. 4.5). This provided the necessary resolution within 
the imaged sediments and a penetration to reach the basement. The data was recorded with 
a sample-interval of 1 ms on a SyntronTM 96 channel streamer with 25 m spacing between 
the channels. The shot-interval of 10 s approximates 25 m between successive shots. 
Rough weather conditions necessitates extensive editing and filtering of noisy traces, es- 
pecially for large offsets. A bandpass-filter of 25 Hz to 200 Hz was used for traces with 
offsets smaller than 700 m. The low-cut frequency has been raised to 55 Hz for larger 
offsets because low frequency contamination of the data Starts dominating the signal. A 
residual source static correction proved to enhance trace-to-trace coherency significantly, 
necessary for a proper velocity analysis. Additional processing steps were carried out 
to further improve the signal-to-noise ratio of the stacked sections by improving lateral 
coherence within NMO-corrected CMP records such as a pre-stack f-X deconvolution. 
This step however has the potential to distort the amplitudes which is undesirable since 
we Want to establish a correlation between the seismic data with data extracted from the 
physical properties measured at core samples. Adding 40 percent of the original data back 
proved to yield an adequate balance between resolution and preservation of amplitudes. 

4.4 Conversion of logs to seismic 

In general, log data or data from core measurements is not sampled in a way that is 
directly comparable to seismic data. A basic problem is that seismic data is measured 



4.4. CONVERSION OF LOGS T 0  SEISMIC 

-90 ' I 

0 20 40 60 80 100 120 140 160 180 200 
Frequency (Hz) 

Fig. 4.5: Frequency spectrum of the seismic data in dB down from the rnaximum am- 
plitude. 

in time-domain, whereas log and core data are measured on a depth scale. One needs 
detailed information on the relationship between depth and time to perform a conversion. 
It is desirable to have data available from a check-shot or VSP survey (where a downhole 
receiver at regular intervals registers seismic signals from the source above the receiver as 
well as reflections from below) because of their direct comparability with seismic data, but 
alternatively, velocity information can be obtained from sonic logs or measured from core 
samples in case such data is not available (Adcock, 1993). Both core measurements and 
sonic log data suffer from uncertainty about the depth of the sampled rocks, in the case of 
log data because of cable stretch and in the case of core data because of incomplete core 
recovery and expansion of the cores. Particularly, core data is prone to bias for several 
reasons: usually data recovery is far from complete, leaving blanks in parts of depth range; 
recovered cores are measured under laboratory conditions, which are different from in 
situ conditions with respect to temperature, pressure and pore-fluid; or sampling might 
be biased towards specific intervals of interest to the Operator. The accuracy of on-board 
Gamma Ray Attenuation measurements for general sediment-water mixtures is such that 
an error less than 5% is made (Blum, 1997). Velocities measured on sediment cores 
originating from depths shallower than a few hundred metres tend to be up to 5% lower 
than corresponding downhole measurements (Blum, 1997). Data from previous ODP 
projects suffered from these problems too, as discussed previously by several authors 
(Shipley, 1983; Edwards, 1998; Sun, 2000; Delius et al., 2001). Another problem is the 
difference in sampling interval; log and core data is often sampled at a centimeter scale, in 
the case of the Leg 177 data at a rate of either 2 cm or 4 Cm. The seismic data however is 
insensitive to very small scale layering, depending on its frequency content and sampling 
rate. The seismic data was sampled at 1 ms interval, which roughly equals a sampling 
rate of 75 cm to 1 m in the depth-domain for assumed seismic velocities of 1500 rnls 
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>-<->- Profile AWI-98008 
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Fig. 4.6: U )  comparison of seismic data with synthetic data constructed with a wavelet extracted from 
the real seismic data, und a sequence of synthetic traces constructed with Ricker wavelets. The dominant 
frequency of the Ricker wavelet increases in 10 Hz steps between 50 Hz und 250 Hz. Seismic data from 
profile AWI-98008 at the location of Site 1088 is sho~vn.; 
b)  The same real seismic data as the topfigure shows a comparison of syntheiic traces constructed with a 
75 Hz Ricker wavelet und syntlzetic traces constructed with a wavelet that was esiimted from the seismic 
data. 
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to 2000 m/s. Considering that the dominant frequency of the seismic data is below 100 
Hz, this means that the resolution is even lower by one order of magnitude, and therefore 
considerably lower than the ODP data. 

Device coupling to the core samples, or the influence of the casing for log data, can also 
influence the obtained values. This can lead to parts of well measurements that are either 
missing or of poor quality, and filtering and interpolation for missing data is therefore 
usually necessary. This is also necessary when seismic P-wave velocity and density are 
measured at different intervals On core sections. The filtered, interpolated and re-sampled 
velocity and density information can then be used to calculate a reflectivity series by R = 

v 2 p 2  - vipl)/(v2p2 + vipl). This is the seismic trace that would be obtained if a perfect 
spike source would be used. Median filtering is used to remove spurious values from 
the data series without affecting strong instantaneous contrasts, i.e. at buried erosional 
surfaces. A threshold value is used to remove the ambiguity from the velocity data caused 
by the auto-picking algorithm of the P-wave logger where it erroneously picked the second 
wavelet and recorded an incorrect P-wave velocity. The reflectivity series is calculated 
after re-sampling and spline-interpolation to reduce the sensitivity to effects on a smaller 
scale than the real seismic data Warrants and to have a continuous and regularly sampled 
series of data. 

Real, non-deconvolved, seismic data is basically the earth response to a source signal. 
An additional convolution of the reflectivity series with the source wavelet as used in the 
seismic survey is therefore necessary to make synthetic and real seismic data compara- 
ble. Interna1 reflections in the sediment layer have been included in the calculation of the 
synthetic traces, although their influence is very limited due to the small reflection coeffi- 
cients values. If a measured source signature is not available one has to resort to either a 
synthetic wavelet or a wavelet estimated from the seismic data. An estimated wavelet has 
the disadvantage that it itself is not a pure wavelet, but contains geological information 
as well, and might be affected by attenuation effects and noise which can lead to a rather 
unsharp signature. An artificial wavelet on the other hand usually produces sharp signals 
in the synthetic data but has a different characteristic with respect to real data. With the 
availability of both velocity and density information, as in our case, the construction of a 
series of reflection coefficients is possible. At the deeper parts of the wells we only have 
density information available though (Fig. 4.3). If either velocity or density data is not 
available or if these are of a quality too poor to be used, one could use an empirical re- 
lationship to estimate the missing variable such as Gardner's relationship (Gardner et al., 
1974; Adcock, 1993). 
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Fig. 4.7: Cotnparison of a zero-phase seismic wavelet estirnatedfrom the data near Site 1088 und a Ricker 
wavelet with a maximum amplitude at 75 Hz, 

4.5 Results 

The data from the seismic survey has been processed to approximate a Zero phase section 
to facilitate interpretation. Spherical spreading is accounted for, other gain corrections 
as for attenuation loss have not been applied. Figure 4.6a shows a comparison between 
synthetic traces obtained using Ricker wavelets (Ricker, 1953) and by using a signature 
extracted from the seismic data for Site 1088. Ricker wavelets having a maximum ampli- 
tude between frequencies of 50 Hz and 250 Hz were applied to the reflectivity series. This 
shows that synthetic traces constructed with Ricker wavelets of low frequencies exhibit a 
serious loss of resolution; the reflector at 2900 ms for instance, is not resolved in these 
traces. On the other hand, higher frequency wavelets introduce seismic reflectors where 
they are not resolved in the real seismic data such as the series of reflections between 
2950 ms and 2975 ms. Although there might be layers in the sediments, which would act 
as reflectors for high frequency seismic waves and can indeed be resolved by the small 
sampling interval in core sections, they are not sensitive to the frequencies emitted by the 
actual seismic source and would obscure rather than aid a correlation of seismic data with 
the cored sediments. This is especially so when a single strong reflector in the recorded 
seismic data, e.g. the reflector at 2850 ms, actually consists of several reflectors when 
higher frequencies are used. A meaningful interpretation requires the bandwidth of the 
synthetic data to be adapted to the real seismic data to obtain the Same resolving power. A 
best correlation is obtained with a Ricker wavelet of 75 Hz as shown by the comparison 
with the seismic data of profile AWI-98008 (Fig. 4.6b). Reflectors at 2840 ms and 2900 
ms are still represented in the synthetic seismogram whereas lower frequency wavelets 
cannot resolve these reflectors. On the other hand, the reflector at 2880 ms appears as a 
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single reflector the same as in the real seismic data, but not if higher frequency wavelets 
are used in the calculation of the synthetics. Figure 4.7 shows the time domain character- 
istic of both the 75 Hz Ricker wavelet and a zero-phase wavelet, estimated from data near 
the location of Site 1088. Application of lower frequency wavelets results in detail loss, 
whereas higher frequency wavelets introduce artifacts in the synthetic data that do not 
exist in the real data, thereby obscuring important reflectors. The 75 Hz Ricker wavelet 
also shows a better result than synthetics obtained by application of a wavelet estimated 
from the seismic data. This is likely due to the fact that it is difficult to accurately esti- 
mate such a signature when the sediments directly below the seafloor are not more or less 
seismically transparent. 

Processed seismic data should have seismic reflectors that clearly stand out with respect 
to the noise, and this usually involves a deconvolution processing step. If we Want the 
seismic data to be comparable to synthetic data then this step cannot be applied. This 
however, is not a big issue, as Shipley (1983) shows. Comparing different deconvolution 
models for deep sea seismic sections at Blake Bahama Basin, he did not obtain a much 
better result for seismic reflectors immediately below the sea-floor. 

The step following the computation of the synthetic seismograms is their use in the in- 
terpretation of the seismic data. The cored samples have not only been analysed on phys- 
ical properties, but On micro-palaeontological, sedimentological and petrological proper- 
ties as well. In this way, a known erosional contact in the cored sequence for instance, can 
be traced to a unique location in the synthetic seismogram constructed from data on the 
very same core samples. In this way the seismic sequence can be assigned a petrophysical, 
or palaeontological stratigraphy as well as a time scale. 

For Site 1088 there is a very good correlation between seismic data and synthetic seis- 
mograms. The lithology at this site (Fig. 4.2) is quite uniform throughout the section. This 
means that the seismic reflectors do not represent compositional variations, but rather a 
jump in density due to different compaction at stratigraphic discontinuities. The reflec- 
tor at 2950 ms however coincides with an increase of the sedimentation rates from 17 
m/m.a. to 30 m/m.a. (Shipboard Scientific Party, 1999~).  Indeed, (Fig. 4.8) at profile 
AWI-98006 shows that the major reflections in both the synthetic data as well as in the 
real seismic data coincide with a Pliocene hiatus at 2860 ms and the PliocenePleistocene 
(at 2850 ms) and MiocenePliocene (at 2880 ms) boundaries, as marked by geological 
core analysis. Also the upperlmiddle Miocene boundary observed in the cored material 
correlates roughly with the seismic reflector at 3050 ms, although it should be noted that 
this observation is based On extrapolation of the data since seismic velocity information, 
and therefore an accurate time scale, is not available up to this depth, only density data. 
(Fig. 4.3). 

Site 1089 is an example of the problems that arise when the velocity information is 
incomplete (Fig. 4.3 and 4.9). This is especially tme for the deeper parts of the well 
which only exists from Hole 1089A and had a poor recovery rate (Shipboard Scientific 
Party, 1999~) .  Unreliable velocity information and missing or spurious density inforrna- 
tion (Fig. 4.4), even after filtering the density logs, make it difficult to constmct an accu- 
rate reflectivity series for Site 1089. This results in unrealistically high amplitudes in the 
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synthetic seismic data especially in a seismic transparent Zone between 6350 ms and 6440 
ms (Fig. 4.9). Correlation of the synthetic data with the seismic section still is adequate 
for the upper 70 ms (Fig. 4.9), but below 6270 ms the synthetic data seems to be  shifted 
downwards, which indicates that the velocities used in the depth-to-time conversion were 
too low. It should be noted however that this site is located at a slight offset from the 
seismic profile AWI-98003 (Fig. 4.1) which might account for some of the misfit. 

Fig. 4.10 shows a visual correlation of synthetic and real data at Site 1090. The  major 
reflectors in the seismic data (Fig. 4.11) can be directly linked to geological units, such 
as the Miocene/Pliocene boundary at 5070 ms, the Oligocene-Miocene boundary at 5170 
ms and the earlyllate Oligocene boundary at 5255 ms. One of the dominant reflectors 
in the seismic data, and in the synthetic data as well is the hiatus found in the early 
Oligocene (at 5280 ms in Fig. 4.10). The analysis of the seismic data of Fig. 4.1 1 shows 
a clear stratigraphic discontinuity, which however was initially not evident on the basis 
of geological core analysis alone. Remarkable is the phase shift between the real and 
synthetic data at 51 10 ms, which is associated with a lithologic change from an episode 
with increased carbonate accumulationand preservation to an episode of relatively strong 
input of terrigenous matter (Diekmann et al., 2002) (Fig. 4.2). This, and the differences 
in reflection strength of the reflectors 5220 ms and near the early Oligocene Hiatus at 
5280 ms in comparison to the real seismic data are indicators that a Kicker wavelet does 
not completely describe the source signature as used in the seismic survey in an adequate 
way. Because Site 1090 is located on the northern flank of the Agulhas Ridge, which has 
a strong relief, the possibility also exists that part of the phase shifts are indeed in the 
seismic sections due to oblique incidence of the seismic waves on the tilted layers. The 
deeper parts of the synthetic data, roughly the lower half, might be slightly displaced in 
time, due to calibration and coupling problems with the P-wave logger. 
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Fig. 4.9: Profile AWI-98003 shows that lack of a high quality series of core measured velocity datu, as measured at Site 1089 results in a poor 
correlation between real und synthetic seismic data. 
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Fig. 4.11: Seismic data of profile AWI-98002 on the top of the Agul/zas Ridge over the 
location of Site 1090. 

4.6 Concl usions 

If downhole logging data and check-shot data do not exist then one can instead use phys- 
ical properties measured on core samples to establish a correlation between seismic and 
geological data. ODP Leg 177 data show that the quality of synthetic seismograms mainly 
depends On the accuracy of measured density inforrnation, which appears to be the dom- 
inant factor in the deep sea environment of the South Atlantic Ocean. Because seismic 
data exists in time-domain whereas the core data is sampled in the depth-domain it can 
be difficult to correlate the constructed synthetic seismograms with seismic data. It can 
be done either visually or by converting either the synthetic seismograms to time, or by 
converting the seismic sections to depth. This requires detailed knowledge of the velocity 
structure which can be derived from velocity measurements On cores, but can be prob- 
lematic since in situ conditions are different from the conditions under which the cores 
are sampled. Also these velocity logs are far from complete, which introduces a serious 
bias when applied in the time-depth conversion process. Structural bias from calibration 
errors of the equipment can also play a role in the construction of synthetic seismograms 
and the subsequent interpretation of seismic sections. Biased density or velocity values 
lead to incorrect reflection coefficients, which in turn causes over- or under-estimated am- 
plitudes. A more serious problem is that in the conversion between time and depth every 
deviation adds up to what can result in conversion errors of up to several tens of metres. 
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Therefore a visual correlation or adjustment of the synthetic data remains a necessity to 
identify the geological units of the core data on the seismic sections. Site 1090 of Leg 177 
shows that the opposite is possible as well. A prominent refle.ctor in the seismic data could 
be identified in the geological data as a hiatus in the early Oligocene with the assistance 
of synthetic seismograms constructed from the cores. This shows that valuable structural 
information, available through seismic interpretation, can arise from only slight variations 
in some properties of the sediments which are not always evident considering geological 
infomation alone. 
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5. SEISMIC EVIDENCE FOR BOTTOM CURRENT ACTIVITY 
AT THE AGULHAS RIDGE * 

Etienne Wildeboer Schut, Gabriele Uenzelmann-Neben and Rainer Gersonde 

Abstract 

In the South Atlantic water masses from the Atlantic and Indian Oceans meet 
Antarctic water masses. The Agulhas Ridge, a pronounced elevation of the ocean 
bottom in the eastern South Atlantic, has acted as a barrier for deep oceanic currents 
since the Cretaceous, such as the North Atlantic Deep Water (NADW) and Antarctic 
Bottom Water (AABW), or water masses derived from AABW such as Circumpolar 
Deep Water (CDW). The history of these currents is recorded in the sedimentary 
sequence in the adjacent Cape and Agulhas Basins. Seismic profiles over the Agulhas 
Ridge show sediment packages in the Cape Basin which are interpreted as contourite 
sheets. These consist of thick sequences interrupted by widespread hiatuses, with a 
predominantly low seismic reflectivity. The seismic data shows prominent reflectors 
inside contourite drift bodies which, at the location of the drill-sites of ODP Leg 177, 
can be attributed to hiatuses in the early Oligocene, the middle Miocene, around the 
MiocenePliocene boundary and in the early Pleistocene. In this way ODP Leg 177 
cores were used to date an elongate contourite drift in the Cape Basin. This drift 
shows sediments deposited by a westward current, implying that the bottom current 
in the Oligocene followed the Same trajectory as present-day CDW does. 

Key words: South Atlantic; Agulhas Ridge; seismic reflection; palaeo-reconstruction; bottom 
currents 

5.1 Introduction 

One of the prime factors controlling regional climate is ocean circulation. The present day 
inter ocean exchange of water masses is driven by a global thermo-haline convection sys- 
tem, that transports deep water sediments and partly erodes the ocean bottom. Fast ocean 

* Published in: Wildeboer Schut, Uenzelmann-Neben, and Gersonde (2002), Global and Plane- 
tary Change, Val. 34:185-198; An electronic version of the published paper can be obtained from 
http://www.elsevier.com/wps/find/journaldescription.cws_home/503335/description 
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Fig.  5.1: Bathymetry map of the Agulhas Ridge area @er Sandwell und Smith (1997) with seismic profiles 
AWI-98001 through AWI-98008 und drilling locations of ODP Leg 177 Sites 1088, 1089 and 1089 (big 
dots); abbr.: AF: Africa, AM: South America, AP: Agulhas Plateau, ANT: Antarctica, FI: Falkland Islands, 
MAR: Mid Atlantic Ridge; arroivs denoie flow of the bottom water after Tucholke und Embley (1984). 

circulation can be studied from the effects of deposition and erosion by bottom currents 
observed in seismic data. This paper focuses on the southem Atlantic, a region where wa- 
ter masses of Atlantic, Indiaflacific and Antarctic origin meet. Sea-floor spreading and 
the opening of the South Atlantic Ocean started in the early Cretaceous (Ben-Avraham 
et al., 1993, 1997). The Agulhas Ridge has formed along the Falkland-Agulhas Fracture 
Zone (FAFZ), a transform fault between the African and South-American plates related 
to the breakup of West Gondwanaland (Ben-Avraham et al., 1997). The Agulhas Ridge 
represents a pronounced elevation of the sea-floor relative to the adjacent ocean basins, 
extending from approx. 41Â°S,13.S0 to 43'S,9OE (Fig. 5.1) south-west of the coast of 
South Africa. It separates the Cape Basin north of the ridge from the Agulhas Basin to 
the south and coincides with the north of the Meteor Rise at its south-western end. The 
north-eastern Part of the Agulhas Ridge coincides with the location of a spreading centre 
of the mid-Atlantic ridge south of the FAFZ that was abandoned in the Late Cretaceous 
(LaBrecque and Hayes, 1979). The age of the Agulhas Ridge makes it a witness to a 
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geological period in which continental drift led to the opening of gateways around the  
Antarctic and the closure of the Panamanian gateway (Droxler et al., 1998; Lawver and 
Gahagan, 1998). As a barrier for deep oceanic currents, the Agulhas Ridge had a strong 
impact on oceanic circulation which is recorded in the sedirnents near the Agulhas Ridge. 
Different regions where the sediments originale and the intensity of currents generate 
particles varying in grain size and fabric. Climatic variations affect relative amounts of  
calcareous and siliceous sediments through biogenic production influence on carbonate 
dissolution. The seismic image shows variations in reflectivity of sediments, whether by  
variation in physical or chemical properties of the sediments, as well as structural features 
such as drift Systems. In this paper we study past ocean bottom currents from sequence 
stratigraphic analysis of seismic reflection data at the Agulhas Ridge to monitor changes 
in deep water flow in the South Atlantic Ocean during the Cenozoic. We correlate our seis- 
mic data with data from the Ocean Drilling Program (ODP) Leg 177 (Gersonde, Hodell, 
Blum et al., 1999) for calibration. 

5.2 Oceanography 

The present general circulation of oceanic currents around the Agulhas Ridge mainly con- 
stitutes the North Atlantic Deep Water (NADW), the Circumpolar Deep Water (CDW), 
and the Agulhas Current coming from the Indian Ocean (Lutjeharms, 1996; Reid, 1996). 
Near the southernmost tip of the African continent, the Agulhas current dissolves in a 
ring pattem and mixes with other water masses (Lutjeharms, 1996; De Ruijter et al., 
1999). Cold AABW (Antarctic Bottom Water) mixes in the Antarctic Circumpolar Cur- 
rent (ACC) with water masses from the north to form the CDW (Orsi et al., 1999). North- 
ward flowing branches of CDW are deflected in a mainly westem direction near the Ag- 
ulhas Ridge (Tucholke and Embley, 1984; Sykes et al., 1998). A branch enters the Cape 
Basin along the westem coast of South Africa (Fig. 5.1), from where it flows in a south- 
westem direction along the ridge until it bends in a northward direction again at the south- 
westem Part of the ridge. This water mass is significantly warmer in the Cape Basin than 
in other areas with comparable latitude due to mixing and the longer flow path (Tucholke 
and Embley, 1984). Part of the mixing Comes from the NADW which is vertically lo- 
cated between upper and lower CDW (Reid, 1996). Cooling of the northern hemisphere 
since the late Pliocene increased the input of NADW at the expense of CDW in the South 
Atlantic ocean during glaciation cycles (Tumeau and Ledbetter, 1989). The shallower 
Antarctic Intermediate Water originates from surface water around Antarctica. It flows 
northward into the South Atlantic, extending to depths of approximately 1000 m around 
40's (Tumeau and Ledbetter, 1989). In the Cape Basin it follows an anti-cyclonic path 
(Shannon and Hunter, 1988) opposing the direction of underlying CDW. Historically, the 
onset of the AABW finds its origin in the Oligocene (Mackensen and Ehrmann, 1992; Za- 
chos et al., 1994), during which the opening of the Drake Passage between South-America 
and Antarctica and the separation of Australia and Antarctica took place. This led to the 
forrnation of the ACC (Barker and Burrell, 1977; Kennett, 1977; Lawver and Gahagan, 
1998) and is responsible for the thermal insulation of Antarctica. 
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5.3 Con touri tes 

Sediment supply deep in the South Atlantic originales mainly from biogenic production 
and from deposition by bottom currents (e.g. Tucholke and Embley, 1984). Downslope 
turbidity currents and along-slope contour currents deposit and erode sediments in the 
oceanic basins (Faugkres and Stow, 1993; Faugkres et al., 1999). ~bntourites are defined 
as sediment bodies deposited or reworked by the sustained flow of thermo-haline driven 
geostrophic bottom currents (Heezen et al., 1966; Faugkres and Stow, 1993) that are flow- 
ing parallel to bathymetric contours in deep sea basins. Such currents are also involved 
in the exchange of water masses between ocean basins, carrying mainly fine grained sed- 
irnents due to the generally low current velocity. Deep-sea bottom currents are capable 
of redistributing sediment bodies over 1000 km in length (Faugkres and Stow, 1993). On 
the other hand, high velocity bottom currents are also responsible for the creation of large 
erosional surfaces by scouring the sea-floor. Faugkres and Stow (1993) classify contourite 
drifts in three main morphological types: (a) Giant elongate drifts, parallel to continental 
margins, or mid-ocean ridge flanks, (b) contourite sheets, sheet like, morphologically flat 
facies in more or less closed basins, and (C) channel related drifts. Giant elongate drifts 
have been found to originale in the Oligocene and early Miocene (Stow et al., 1998). Elon- 
gate mounded drifts in seismic sections appear mostly lenticular in shape with a convex 
geometry and a base that is usually a more or less flat major erosional surface (Faugkres 
et al., 1999). In oceanic basins the contourite facies are often characterised by an asym- 
metric levee System due to enhanced deposition on one side and erosion on the other under 
the influence of the Coriolis force. On the Southem hemisphere this leads to preferential 
deposition on the left flank of the channel. This Coriolis effect, interaction between cur- 
rents and morphology and variation in intensity and interaction with other currents also 
lead to a prograding lateral migration of the crest (Faugkres et al., 1999). Sheet-like drift 
Systems often have a discontinuous internal seismic structure, and tend to have low ampli- 
tude reflectors, mostly due to the fine and homogeneous sediments (Faugkres and Stow, 
1993). However, even a small change in supplied sediments, or a variation in current ve- 
locity can create erosional surfaces or beds with different seismic reflectivity properties, 
creating higher amplitude reflectors. Channel-confined drifts have an appearance similar 
to elongate mounded drifts, with moats along both margins (Faugkres et al., 1999). These 
types of drifts are less commonly observed than the other types. It still is not clear how 
sea-level would influence the occurrence of contourites (Faugkres et al., 1999). However, 
contourites are often observed from periods of climatic instability and sea-level change 
(Faugkres and Stow, 1993). High sea-level enhances water mass exchange between the 
ocean basins, which leads to increased bottom current activity, but also tends to reduce 
turbidity current activity. On the other hand, bottom current activity is often masked by 
increased turbidity current activity during low-stands of the sea-level (Faugkres and Stow, 
1993). Antarctic glaciation had an impact on the composition of sediments through al- 
teration in biogenic production rates, as well as variations of the source region and due 
to flow intensity variations also grain size of supplied terrigenous material. Whether a 
glaciation favours or diminishes bottom current activity depends On both time scale and 
origin of the water masses. Although contourite development and glaciation do not seem 
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to be directly linked to each other, there still is an indirect link, as the opening or closing 
of gateways for ocean water exchange affect both. 

5.4 Data and methods 

5.4.1 Reflection seismic data 

In this paper we present data from the seismic survey expedition with R/V Petr Kottsov 
during December 1997 and January 1998 carried out by the Alfred Wegener Institute for 
Polar and Marine Research (see Uenzelmam-Neben, 1998). Eight profiles of seismic 
data with a total length of approximately 2000 km were collected over the Agulhas Ridge 
extending into the Agulhas and Cape Basins (Fig. 5.1). An energy source of two GI- 
gunsTM, each with a volume of 45 cubic inch, operating at a pressure of 150 bar were 
used to obtain 96 channel records with 25 m spacing between the channels and a recorded 
length of 8 seconds, 1 millisecond sample-interval. The bandwidth of the data was around 
150 Hz, with a maximum frequency of 75 Hz. Special care for noise reduction was 
necessary due to extreme weather conditions during acquisition. The data were sorted in 
CMPs with a distance of 25 m between the consecutive locations. Noisy traces have been 
removed and the data were filtered for noise reduction prior to velocity analysis. Stacked 
seismic sections were created after normal moveout correction and additional coherency 
filtering for further noise reduction. These sections were time-migrated to enhance the 
resolution of geological structures in the subsurface. 

5.4.2 ODP Leg 177 data 

The seismic profiles connect three ODP sites drilled during Leg 177 with R/V Joides 
Resolution between December 1997 and February 1998 (Gersonde, Hodell, Blum et al., 
1999). Sites 1088 and 1090 were drilled at the Agulhas Ridge while Site 1089 is located 
in the adjacent Cape Basin (Fig. 5.1). middle Miocene to Holocene sediments have been 
recovered. The core samples were studied with respect to sedimentological, physical and 
chemical properties and preliminary age models have been established based On combined 
magneto- and biostratigraphic methods (Gersonde, Hodell, Blum et al., 1999). 
Site 1088, at 2092 m depth on top of the Agulhas Ridge, consists mainly of calcareous 
sediments (Shipboard Scientific Party, 1999b), with carbonate percentages varying from 
85 to 95 wt% (Fig. 5.2). In total, 233.7 m of Holocene to middle Miocene sediments were 
cored with the objective to recover a long Cenozoic carbonate sequence to study palaeo- 
ceanographic changes near the Sub-tropical Front (Shipboard Scientific Party, 1999b). 
Due to technical problems it was not possible to drill sediments of early Cenozoic age. 
Two hiatuses were found, in the middle Miocene and between Pliocene and Pleistocene. 
At Site 1089, in the southernmost Cape Basin (Fig. 5.1), a sedimentary sequence of 
264.9 m at a water depth of 4620 m was obtained, which documents the Holocene to the 
late Pliocene (2.4 Ma) (Fig. 5.2). The Pleistocene section has been deposited at high 
sedimentation rates (ca. 130-140 m/m.a.), while Pliocene sedimentation rates decline to 
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40 rn1m.a. (Zielinski and Gersonde, 2002). Core samples between 95 and 156 rncd 
(meters composite depth) (Shipboard Scientific Party, 1999c) show that the sedirnents 
are slightly slumped. However the sedimentary sequence remains stratigraphically con- 
tinuous (Zielinski and Gersonde, 2002). This provides records of Pleistocene glaciation 
cycles with high temporal resolution. The sedirnents have a fluctuating carbonate content 
between 0 and 60 wt% due to variation in the amounts of terrigenous mud and changes in 
carbonate preservation. The Pliocene/Pleistocene boundary is well defined in Site 1089 
and is located at ca. 230 rncd (Zielinski and Gersonde, 2002). 
Site 1090, at the southem end of the Agulhas Ridge, was placed at a water depth of 3702 
m. Due to one OS two disconformities between 71.5 and 78.5 mcd, which separate lower 
Pliocene and probably uppermost Miocene sedirnents from lower Miocene sequences, 
drilling at Site 1090 reached the middle Eocene at 397 mbsf (meters below sea floor) 
(Shipboard Scientific Party, 1999d). While the study of planktic foraminifers by Ga- 
leotti et al. (2002) indicates two disconformities at 71.5 and 78.5 mcd, separating early 
Pliocene from late Miocene and late Miocene from early Miocene, respectively, shipboard 
stratigraphic data also including the geomagnetic inclination record reveal one disconfor- 
mity at around 70 mcd which separates the early Pliocene from the early Miocene and 
spans ca. 14 m.a. (Shipboard Scientific Party, 1999d). Increased bottom-cun-ent velocity 
caused widespread hiatuses in oceanic sedirnents in many other areas as well (e.g. Led- 
better and Ciesielski, 1982; Keller, 1987). The study of planktic foraminifers also indi- 
cates strong reworking of late Cretaceous (Campanian-Maastrichtian to Miocene) planktic 
foraminifers at around 71.5 rncd (Galeotti et al., 2002). Three other short-ranging discon- 
formities have been encountered in the Pleistocene (Venz and Hodell, 2002), two being 
close to the Plio-Pleistocene boundary at around 40-43 mcd. Calcareous nannofossil in- 
vestigations point to a hiatus at around 220 mcd, in the early Oligocene, which spans 
about 3 m.a. (Marino and Flores, 2002). Nannofossils, diatoms and mud comprise the 
major lithologic components of the sedirnents recovered at Site 1090. While the middle 
and early late Eocene consist of mud-bearing nannofossil ooze and chalk, the late Eocene 
to early Miocene is characterised by mud-bearing diatom ooze and diatom bearing nan- 
nofossil ooze and chalk. The Plio/Pleistocene sequences are characterised by alternations 
of nannofossil ooze and diatom-bearing nannofossil ooze. A chert layer has been encoun- 
tered at 290 and 340 mbsf, respectively, in the Eocene section (Shipboard Scientific Party, 
1999d). The disconformity at around 70 rncd is underlain by a tephra layer (Shipboard 
Scientific Party, 1999d). 
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5.4.3 Incorporation of geological and seismic data 

The physical properties measured on the recovered sediments include density and seismic 
P-wave velocity (Gersonde, Hodell, Blum et al., 1999). From these data synthetic seismic 
data were constructed at the core locations, which can be compared with the recorded 
seismic data. In this way, age control of the seismic data is possible, as the synthetic data 
is based on the Same core samples as is used for age dating by the analysis of fossils in the 
sediments. Erosional surfaces found in core samples, as well as changes in depositional 
conditions as inferred from core data, can be linked with reflection seismic horizons. Both 
chemical and physical properties of sediments have an impact on the density and P-wave 
velocity, and thus influence the reflectivity of seismic horizons. 

' 

Density and P-wave velocity are available for all three sites (Shipboard Scientific Party, 
1999b,c,d). After removal of spurious data, correlation between various holes and inter- 
polation to fill in depth ranges with missing data, it was possible to construct a series of 
seismic impedances, and with these, a reflectivity sequence. The P-wave velocities were 
used to convert the data from depth-domain into time-domain and after convolution with 
a 75 Hz Ricker wavelet synthetic seismograms were generated. 

5.4.4 Results 

On the basis of constructed synthetic seismograms, we identified the seisrnic reflectors On 
profile AWI-98008, at the location of Site 1088, corresponding with hiatuses like at the 
Pliocene-Pleistocene boundary (Shipboard Scientific Party, 1999b) and a hiatus at 209 
mcd (Marino and Flores, 2002) in the middle Miocene. Also, increased sediment rates 
often accompany lithologic variations, creating reflectors, like at the Miocene-Pliocene 
boundary (denoted A in figure 5.3), where sedirnentation increases from 7.5 m/m.a. to 
17 m/m.a., and in the late Miocene (denoted B) where sedirnentation increases from 17 
m/m.a. to 30 m/m.a. (Shipboard Scientific Party, 1999b) 
Figure 5.4 shows that the Miocene hiatus as cored at Site 1090 and the early Oligocene 
hiatus are related to distinct seismic reflectors as well. A comparison of the stratigraphic 
sequence in the seismic data at CDP 17000 of profile AWI-98001 (Fig. 5.4) and CDP 
17700 near the location of Site 1090 shows that a sequence of approximately 80 m of 
sediments is rnissing at the early Oligocene hiatus at Site 1090. Considering a duration 
of 3 m.a. of the early Oligocene hiatus at Site 1090 (Marino and Flores, 2002) this would 
suggest sedimentation rates of 25-30 m/m.a. during the early Oligocene. These reflectors 
can be identified on several profiles in the Cape Basin, for instance profile AWI-98004 
(Fig. 5.5) and profile AWI-98002 (Fig. 5.6), where the early Oligocene and the Miocene 
hiatus are denoted as reflectors 0 and M respectively. The sequence between 0 and 
M can be identified not only based on these strong reflectors and clear unconforrnities, 
like for the early Oligocene hiatus on profile AWI-98001, but also by the transparent 
seismic character of the sediments in between these reflectors. This is attributed to the 
moderate sedirnentation rates of 10-20 d m . a .  without drastic change in the depositional 
facies (Diekmann et al., subm.) and a relatively high concentration of siliceous sediments 
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(Diekmann et al., subm.). Several hundred meters of sediment have accumulated i n  a 
buried drift where a mound has been built up in the CMP range 9450 - 9850 (Fig. 5.5). 
The strong reflector over this drift structure, just before a westward migration of the crest, 
can be related to the early Oligocene hiatus recovered at Site 1090 (Fig. 5.4). 
The drilling at Site 1089 identified the location of the base of the Pleistocene, denoted as 
horizon P (Figs. 5.5, 5.6). During the Pliocene, of which sequences are located between 
reflectors M and P, an increase in well defined reflectors is observed. This holds even 
more for the Quaternary sediments, above reflector P. This increase in well defined seismic 
reflectors can be explained by the increase of the glaciation cycle frequency, responsible 
for sea-level variation and variations in sediment supply. This is clearly illustrated in 
Fig. 5.7, which shows that the density of the sediments correlates with seismic reflectors 
and that the seismic reflectors occur with a periodicity that correlates with marine isotope 
Stages in Pleistocene times (Imbrie et al., 1984). 
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SE NW 
CDP: 9400 9300 9200 9100 9000 8900 8800 8700 

Fig. 5.8: Profile AWI-98003 just south of the Agulhas Ridge. The outlined area shows a biiried contourite 
drift, probably overlying a sequence of turbidites. The asymmetric appearance of the horizons suggests a 
currenf direction oblique to the profile in eastern direction (denoted by symbol 0). B denotes top basement. 

5.5 Discussion 

The seismic profiles in the vicinity of the Agulhas Ridge show that the Agulhas Ridge 
has two ridge Segments, separated by a 20 km wide moat, filled with sediments and a 
bathymetric relief of up to 3 km relative to the adjacent basins. The ridge itself is largely 
of magmatic origin (Hartnady and Le Roux, 1985; Kastens, 1987) and although near Site 
1088 and 1090 there is a thick sedimentary sequence, it generally shows little sedimentary 
Cover. By contrast, the Cape and Agulhas Basins show thick layers of sediments on top of 
the magmatic basement of the oceanic crust. The seismic data shows extensive occurrence 
of intrusions which affect Cenozoic sediments. This suggests that development of the Ag- 
ulhas Ridge still continued after the spreading axis at its eastem boundary was abandoned 
in the Late Cretaceous (LaBrecque and Hayes, 1979). The thick sediment layers in the 
oceanic basins are interpreted as contourite sheets consisting of fine grained, bioturbated 
and homogeneous sediments. This is illustrated by the sediments in figures 5.5 and 5.6, 
between reflectors 0 ,  an early Oligocene hiatus and M, a hiatus between Miocene and 
Pliocene. Widespread discontinuities, marked by a continuous prominent reflector are a 
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characteristic property of contourites (Faugkres et al., 1999). Discontinuities in contourite 
facies are the result of a period of erosion or non-deposition due to intensified current 
activity or by a compositional change (Faugkres et al., 1999). The sediments encountered 
on profiles AWI-98004 (Fig. 5.5) and AWI-98002 (Fig. 5.6) are seismically relatively 
transparent, ie. they show rnainly low amplitude seismic reflections. This is indicative of 
a contouritic sheet that has been built up by a steady bottom current with little variations 
in sediment supply. Reflectors in intermittent reflective sequences are highly discontinu- 
ous, a result of bioturbation and differential compaction. 
An expression of bottom currents forced to follow the Agulhas Ridge is observed in this 
sediment sequence at the northern end of profile AWI-98004 in the Cape Basin (Fig. 5.5). 
The transect of this drift is up to 7.5 km in a direction perpendicula? to the Agulhas Ridge, 
with the crest migrating towards the Agulhas Ridge for younger sediments. The reflectors 
below the Oligocene hiatus within this elongate contourite drift (Fig. 5.5, CMP 9450 - 
9850) are more pronounced than younger sediments. The explanation for this variation in 
reflectivity lies within changes in depositional environrnent, for instance relative changes 
in current velocities, as a higher velocity environment leads to coarser grain-sized sedi- 
ments. Another possibility is a compositional change of the sediments, eg. by an increase 
or decrease of siliceous components. Indeed, the lithology of Site 1090 (Fig. 5.2) shows a 
change towards more terrigenous material in sediments younger than early Oligocene. An 
asymmetric signature of deposition and migration of the crest towards the left side of the 
current (on the southem hemisphere) is characteristic for elongate contouritic drifts due 
to the Coriolis effect and suggests a westward bottom current. This drift is also apparent 
on profile AWI-98008 as a very wide sequence of sediment layers as this profile is mostly 
parallel to the drift. The Agulhas Ridge has clearly acted as a barrier for sediment carrying 
ocean currents, forcing the current to flow parallel to the ridge. The present day bottom 
current in this part of the Cape Basin also follows a westward path (Tucholke and Em- 
bley, 1984; Faugkres et al., 1993). From this observation we deduce that since the early 
Oligocene a bottom water current cornparable to the present day bottom current sweeps 
the Cape Basin and follows the Same trajectory. Previously, Johnson (Johnson, 1985) 
found a rapidly accumulating bottom current deposits beginning in the early Oligocene 
due to AABW flow in the Western South Atlantic. This suggests that bottom current ac- 
tivity occurred already on a large scale in the Oligocene. 
In the Agulhas Basin bottom current activity can be observed as well. Here, the bottom 
current direction is more ambiguous, as the main branch of ACC in the Agulhas Basin 
follows a westward path (Tucholke and Embley, 1984), but part of it is deflected in an 
eastward direction and flows counter-clockwise around the Agulhas Ridge. A result of 
this eastward branch is present in section AWI-98003, just south of the Agulhas Ridge 
(Fig. 5.8), where a small elongate contourite drift can be observed between CMP 9050 
and 9150. The scale of this contourite is of rnuch lesser extent than the drift On profile 
AWI-98004 in the Cape Basin (Fig. 5 .3 ,  due to the more pronounced basement topog- 
raphy in the Agulhas Basin which confines the drift on profile AWI-98003. The location 
of this drift limits its vertical scale since the location on the flank of the Agulhas Ridge 
prohibits the development of thick sediment packages and for this reason it is not possible 
to attach a known time scale from any of the ODP drill sites to the drift. The mound has 
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a lateral extent of less than 2 km, overlain by sediments at 5.5 seconds TWT, probably 
originating at the top of the Agulhas Ridge and re-sedimented by downslope currents. 
Giant sheets of bottom current sediments are not observed in the Agulhas Basin as the  
topography is much rougher than it is in the Cape Basin. Material from the ridge, eroded 
by shallow currents, can be a source of the sediments in the form of turbidites, to berede- 
posited by bottom currents in the basins. Possible sources for erosion could be interrnedi- 
ate water masses or perhaps interaction with Agulhas Rings. As most recent ocean-floor 
spreading in the area of the Agulhas Ridge took place near the location of Site 1088, it is 
this part of the ridge which has the shallowest sea-floor. Closest to the African continent, 
this is also the location where possible interaction with rings shedded from the Agulhas 
Retroflection would be strengest. This effect should be one of supply of sediments, as in 
contrast to most of the Agulhas Ridge, Site 1088 shows a thick sediment Cover for which 
core analysis shows that accumulation rates at Site 1088 are relatively high (Shipboard 
Scientific Party, 1999b). If this is the case, relatively high input of terrigenous particles 
from the African continent could be expected. The high carbonate content of 85 to 95 wt% 
(Shipboard Scientific Party, 1999b) suggests that deposition of sediments transported by 
Agulhas Rings does not play a big role on the Agulhas Ridge itself. Deeper in the Cape 
Basin where very high sedimentation rates are found, with a high content of terrigenous 
components the situation may be different. 

5.6 Conclusions 

Opening and closing of critical gateways for inter-ocean water exchange at the Eocene- 
Oligocene boundary contributed to the development of currents like the ACC and Cir- 
cumpolar Deep Water, a mixture of AABW and water masses from the Atlantic, Indian 
and Pacific oceans. The effects of early bottom water currents can be found in the oceanic 
basins adjacent to the Agulhas Ridge, which already existed at the onset of AABW de- 
velopment. Our seismic data show bottom current activity, documented by contourite 
deposits, already in the Oligocene. A south-westward bottom current was inferred for the 
Cape Basin, along the northem slope of the Agulhas ridge. South of the Agulhas Ridge, 
a small contourite drift in the Agulhas Basin indicates an eastward flow of bottom water 
during deposition. It is not clear if this flow can be attributed to a branch of bottom water 
with an Antarctic origin, and neither can its age be determined, but like the Oligocene 
bottom current in the Cape Basin it has the same direction as the present day bottom cur- 
rent circulation as shown by Tucholke and Embley (1984). Widespread hiatuses formed 
in the early Oligocene and in the Miocene, related to periods of erosion or non-deposition, 
and rapidly increased sedimentation, near the Pliocene-Pleistocene boundary and in the 
Miocene, lead to abmpt lithologic variations. Such variations appear as outstanding re- 
flectors in the otherwise low reflective seismic sequences as found throughout the Cape 
Basin. Variations in current activity, resulting in increased or decreased supply of sedi- 
ments and intensity of current velocity are also responsible for the characteristics of the 
seismic reflections. Sediments of early Oligocene origin as well as Quaternary sediments 
show clear seismic reflectors, whereas sediments between the early Oligocene and the 
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Miocene hiatus are seismically transparent with few, discontinuous reflectors. This trans- 
parent package cosresponds with an increase in the relative amount of terrigenous mud in 
the sediments, during a period in which deposition took place at moderate sedimentation 
rates. This indicates constant, low velocity, currents and hence small grain size sediments 
during late Oligocene and Miocene. For Pleistocene sequences, the climate instability re- 
sulted in rapid variation in sediment supply which leads to pronounced seismic reflectors. 
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SUMMARY 
The Agulhas Ridge, which rises up to 2.5 km over 
the ocean floor of the adjacent Cape- and Agulhas 
Basins, located along the Falkland-Agulhas Fracture 
Zone, acts as a barsier for northward flowing deep 
water masses, deflecting them along the bathymetric 
contours of the Agulhas Ridge. Seismic data recor- 
ded over the Agulhas Ridge shows that the sediments 
transported by these deep water cursents accumulate 
in contourite drifts. Several hundred metres of sedi- 
ments have accumulated since the onset of intrusion 
of Antarctic Bottom Water (AABW) derived water 
masses into the basins of the South Atlantic. An 
erosional surface in early Oligocene sediments ap- 
pears to mark a prominent change in the sedimen- 
tation pattem. Up to this event, strong and varying 
currents formed a rapidly accumulating sheet of sed- 
iments subdivided in units with significant seismic 
impedance contrasts, and thus strong reflections in 
the seismic image of these sediments. After the early 

* Published in: Wildeboer Schut and Uenzelmann-Neben (2005), Geophysical Journal International by 
the Royal Astronomical Society, Vol. 161:325-333 (Blackwell Publishing Ltd); The definitive version is 
available at www.blackwell-synergy.com 
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Oligocene erosional event, a stable uni-directional 
bottom current established, with sedimentation of mainly 
muddy material, leading to the formation of a more 
than 200 km long, approx. 30 km wide elongate 
contourite drzj?. A period of non-deposition during 
middle Miocene is followed by an increase of well- 
defined seismostratigraphic units, most pronounced 
for Sediments of Quaternary age. This suggests that 
build-up of the drift structure generally continued, 
with alternating episodes of erosion and sedimenta- 
tion in response to glacial cycles. 

Key words: South Atlantic, Agulhas Ridge, seis- 
mic reflection, contourites, bottom currents 

6.1 Introduction 

During the Cenozoic, starting at the end of the Eocene, a process of cooling started in 
the Southem Ocean (Berger and Wefer, 1996). A crucial step was the opening of sev- 
eral gateways between the worlds oceans as the continents which were formed after the 
Gondwana breakup drifted apart and established a ring of cold water around the Antarctic 
continent causing thermal insulation in the Oligocene (Lawver and Gahagan, 1998). This 
eventually led to the production of cold bottom water at high latitudes which subsequently 
was injected into the southem Atlantic Ocean. Northward flowing branches of Circumpo- 
lar Deep Water (CDW) enter the Agulhas Basin but further northward flow is blocked by 
the Agulhas Ridge, which separates the Agulhas Basin from the Cape Basin south-west 
of the coast of South Africa (Reid, 1989). Through the Passage near the South African 
coast it enters the Cape Basin as a bottom current and follows a south-westward direction 
along the contours of the Agulhas Ridge (Tucholke and Embley, 1984). The northward 
extent and the intensity of water masses with Antarctic origin into the basins of the At- 
lantic Ocean shows variations over time, especially in response to Northem hemisphere 
glaciation cycles (Tumeau and Ledbetter, 1989). Sediments transported by the CDW are 
deposited parallel to the Agulhas Ridge in the form of contourite drifts. The structure of 
these drifts in the Cape Basin can be used as an indicator for palaeo-current activity. 

In order to reveal the intemal structure of these drift deposits, and hence the evolution of 
the CDW in response to the climatic events of the Neogene, several multichamel seismic 
profiles were obtained across the northem flank of the Agulhas Ridge and southem part of 
the Cape Basin, and are interpreted here in terms of deep water geostrophic flow from the 
Southem Ocean. The acquisition of seismic data is required to reveal and classify large 
scale structures based on morphology and facies of deep-sea sediment bodies. 
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The interpretation of the seismic profiles Opens the opportunity to trace drift structures 
over a wide area in an oceanic basin. 

6.2 Regional setting 

After the early Cretaceous breakup of Gondwana, the continents of Africa and South- 
America drifted apart, thereby opening the South Atlantic Ocean along the Falkland Ag- 
ulhas Fracture Zone. Along this fracture Zone, the Agulhas Ridge forrned during the Late 
Cretaceous (Ben-Avraham et al., 1997). The Agulhas Ridge rises to 2 km below the sea 
surface, with the adjacent oceanic basins being over 5 km deep. It extends for more than 
1100 km from the Agulhas Rift, a spreading centre abandoned 61.2 Ma ago (Marks and 
Stock, 2001), in the north-east at 4OCS, 1SCE (LaBrecque and Hayes, 1979) to the northern 
end of the Meteor Rise at 4SCS, 4OE. The Agulhas Ridge separates the Cape Basin to the 
north from the Agulhas Basin to the south and, due to its topography blocks the exchange 
of water masses between these two basins. 

After separation of Antarctica from its surrounding continents, a circumpolar current 
developed, which caused thermal insulation of the Antarctic continent (Barker and Bur- 
rell, 1977; Kennett, 1977; Lawver and Gahagan, 1998). This eventually led to Antarc- 
tic glaciation in the Oligocene and marked the beginning of the production of Antarctic 
bottom water (AABW) (Mackensen and Ehrmann, 1992; Zachos et al., 1994), originating 
mainly in the Weddell Sea area. In the present day situation, as AABW flows northward, it 
mixes with the warmer North Atlantic Deep Water (NADW) forming Circumpolar Water 
(CPW). In the Southern Ocean, the CPW splits in an upper and a lower branch, vertically 
separated by a tongue of NADW (Mantyla and Reid, 1983; Ossi et al., 1999). Circum- 
polar Deep Water (CDW), the lower branch, cannot Cross the Agulhas Ridge, but enters 
the Cape Basin through a Passage between the African coast and the north-eastem part of 
the Agulhas Ridge as a bottom current (Tucholke and Embley, 1984). Previous studies 
indicate that the Cape Basin was already swept by a proto-AABW bottom current during 
the Oligocene (Sykes et al., 1998; Tucholke and Embley, 1984). 

6.3 Contourites 

Contourites are defined as sediment bodies deposited or reworked by the sustained flow 
of thermo-haline driven, geostrophic, deep-water bottom currents (Heezen et al., 1966; 
Faugkres and Stow, 1993). Due to morphological constraints, these currents often follow 
bathymetric contours in deep sea basins. Sediments are transported and redistributed over 
distances of thousands of kilometres (McCave, 1986). In this way sediments originating 
at the Antarctic can be transported into the basins of the Atlantic Ocean. Downslope 
turbidity currents form another important source of sediment input to bottom currents. 
Apart from being a major source of sediment influx in the oceanic basins, bottom currents 
can be strong enough to scour the sea-floor and create widespread erosional surfaces. The 
eroded particles add to the sediments already in suspension. 
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There are several types of contourite morphologies known to exist in ocean basins 
(Faugkres et al., 1999, gives an overview and a classification). On the largest scale, 
there are contourite sheets, formed when bottom currents become trapped in a basin and 
sedimentation takes the form of building wide sheets, either abyssal sheets, distant from 
the basin boundaries, or slope sheets at a basin margin. The variation in geometry is very 
slight and the internal layers are often seismically transparent. A second frequent type 
of contourite deposit is the elongate-mounded drift, with length much greater than width 
and a distinctly mounded topography. These drifts are typically deposited parallel or sub- 
parallel to slopes. The base of such a drift is often an erosional surface developed after 
extensive previous erosion by bottom currents. Such erosional surfaces often appear on 
seismic sections as outstanding and discordant reflectors and then form the basis of new 
contourite drifts. 

Seismostratigraphic units of contourite sediments often show an upward convex lentic- 
ular shape (Faugkres et al., 1999). In some cases an asymmetry is observed in contourites. 
This is due to a preferential deposition of sediments on one side of the current under the 
influence of the Coriolis force (McCave and Tucholke, 1986; Faugkres et al., 1999), lead- 
ing to deflection of suspended material to the left hand side of the current On the southern 
hemisphere and to the right hand side on the northern hemisphere. 

6.4 Obtaining an image from seismic data and sediment cores 

Eight profiles of seismic data with a total length of approximately 2000 km were collected 
over the Agulhas Ridge, extending into the Agulhas and Cape Basins, during a seismic 
survey carried out by the Alfred Wegener Institute for Polar and Marine Research (Fig. 
6.1; (Uenzelmann-Neben, 1998)). An energy source of two GITM guns was used to record 
8 seconds of data on a 96 channel streamer. 

Physical properties data from ODP Leg 177 were used to establish the link between the 
image of sediment bodies obtained from the seismic data and the geological infonnation 
obtained from recovered sediments during this drilling campaign in the Agulhas Ridge 
area. Drilling of Leg 177 took place at a total of seven locations, three of which (Sites 
1088, 1089 and 1090) are in the vicinity of the Agulhas Ridge (Gersonde, Hodell, Blum 
et al., 1999). Core samples were dated based on their fossil contents and examined on sev- 
eral of their physical and chemical properties. Among the physical properties measured 
in core samples were density and seismic P-wave velocity. The density was measured 
with the Gamma Ray Porosity Evaluator (GRAPE) at a 2 or 4 cm sample interval and by 
Moisture and Density (MAD) measurements, usually once per core section (Shipboard 
Scientific Party, 1999a). GRAPE measurements exist over a length of 233 m for Site 
1088, 265 m for Site 1089 and 397 m for Site 1090. The P-wave velocity was measured 
with a P-Wave Logger (PWL) at a 2 or 4 cm sample interval and with a P-wave Veloc- 
ity Sensor 3 (PWS3) on selected core samples (Shipboard Scientific Party, 1999a). PWL 
measurements exist over a length of 162 m for Site 1088, 215 m for Site 1089 and 236 
m for Site 1090, however these measurements yielded often poor results, especially for 
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Fig. 6.2: This section ofproj le  AWI-98004 (posifion shown 011 Fig. 6.1) is locatedjust south of the section 
shown in Fig. 6.6. The lenticiilar and sigmoidul shape of the seismic reflectors are indicative for sedimen- 
tation by boitom currenfs. The drift behveen CDP 7350 und 7950 above early Oligocene hiatus 0 shows a 
v e ~ y  low intensity, hummocky seismic reflectivity. 

6.5 Results 

The lithology of the sediments at the three Leg 177 locations near the Agulhas Ridge show 
a mainly calcareous coinposition. Site 1088 (Fig. 6.1) shows a nearly continuous record 
up to middle Miocene ( 13 Ma) of nannofossil foraminifer ooze at the upper 20 in and 
decreasing foraminifer content in the underlying nannofossil ooze (Shipboard Scientific 
Party, 1999b). The sediments cored at Site 1089, located in the Cape Basin at an offset of 
approximately 140 km from the Agulhas Ridge (Fig. 6.1) are of Pliocene and Pleistocene 
age and contain reworked sediments, mainly of Pliocene age, but also some with lower 
Miocene and upper Eocene 1 Oligocene faunas (Shipboard Scientific Party, 1999~).  The 
cores show that the amount of nannofossil ooze and diatom mud fluctuates, where the 
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latter is somewhat more abundant. At the south-westem part of the Agulhas Ridge, at Site 
1090, where the oldest sediments, up to the middle Eocene were recovered (Shipboard 
Scientific Party, 1999c), also consist of a predominantly calcareous composition, although 
the casbonate content is lower than at Site 1088, also on top of the Agulhas Ridge, but 
further to the north east. 

7OE 8OE 9OE 10Â° 1I0E 12OE 13OE 14'E 15OE 16OE 

Fig. 6.3: The light g r q  area shows the location of pre-early Oligocene sediments. Thefloor of the Cape 
Basin is pla.~tered with parallel sheets of sediments of altemating composition, sedimented at a high rate 
by a strong cun'enf (grey arrows). An elor~gc~fe mounded drift biiilds on top of this erosional surface (the 
darker grex area) by a proto-AABW i y e  bottom curretzt which follows the bathymetric contours of the 
Agulhas Ridge (black arrow). 

Seismic sections in the Cape Basin show two distinct series of reflections. The seismic 
image of the sediments below reflector 0. at approx. 6600 ms e.g. in Figs. 6.2, 6.4 and 
6.5, are more or less uniform without a distinctly mounded morphology over the seis- 
mic sections in the Cape Basin. The con'elation between the seismic data and synthetic 
seismograms constructed from the physical properties measured On core samples at site 
1088 shows that reflector 0 corresponds to a hiatus in the early Oligocene. In this set 
of Eocene 1 early Oligocene seismic units, structures can be found that are indicative of 
bottom current activity, as opposed to turbidity current deposits. Clearly present On pro- 
files AWI-98002 (Fig. 6.4) and AWI-98004 (Fig. 6.2) are sediment packages shaped into 
lenticular units. The sediments above reflector 0 show different reflection characteristics 
in the form of separated drifts of a constrained width, and a considerable relief of several 



6. CENOZOIC BOTTOM CURRENT SEDIMENTATION IN THE CAPE BASIN, SOUTH 
ATLANTIC 

Fig. 6.4: Shown is projile AWI-98002, just north of the Agulhus Ridge. Seistnic rejector 0 marks the bound- 
uiy between parallel to letzticular shaped, strotzgly reflective pre-early Oligocene units, und weakly reflective 
younger sediments. 



6.5. RESULTS 

Fig. 6.5: Profile AWI-98003 shows a stratigraphic sequence from Cretaceous basement to presetzt. Rejector 0 
is inferred to be early Oligocene in age und marks the top of a series of well defined seismic rejectors. Above 
middle Miocene reflector M, there is a progressively increase in rejectivity. An erosional suface (P)  at the 
base of the Pleistocene truncates Miocene units near CDP 5100. 
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Fig. 6.6: Seismic projle AWI-98004. A channel between CDP 9700 und 9900 has created a prograding sedi- 
ment body, which shows southward migration over time. An abrupt change in the strength of seismic reflections 
is observed at rejlector 0 (early Oligocene). 



6.6. THE INFLUENCE OF BOTTOM CURRENT REGIME ON SEDIMENTATION 

hundreds of metres has been built up. In the Cape Basin, at about 50 km offset of the 
Agulhas Ridge, an elongate south-west trending sediment drift has developed parallel to 
the ridges northem flank, having a width of 30 to 40 km and a length of rnore than 200 
km, on top of reflector 0. This drift can be identified on several of the seisrnic profiles 
in the Cape Basin like in Fig. 6.5 for profile AWI-98003 between CDP 4600 and 6000, 
and in Fig. 6.2 for profile AWI-98004 between CDP 7350 and 7950. In contrast to the 
highly reflective older units, it shows a seisrnic irnage of sedirnents that are rnuch more 
transparent. 

Between the reflectors 0 and M (Fig. 6.5), the sediments accurnulated in units with 
an hurnrnocky appearance and mainly low intensity intemal seisrnic reflections. Data 
from site 1090 shows that reflector M corresponds with an extensive hiatus dated a s  of 
rniddle Miocene age. The intensity of seisrnic reflectivity gradually becorne strenger and 
a division in well defined layers retums for units younger than reflector M (Figs. 6.5 
and 6.6), though still less pronounced as for sediments below hiatus 0. The youngest 
sedirnents, above reflector P (Fig. 6.5) sharp reflectors can again be observed. Still, these 
reflectors tend to be parallel to deeper reflectors, and sornetimes even tmncating the older 
units as in Fig. 6.5. Core-to-seisrnic correlation places this reflector at the base of the 
Pleistocene. 

6.6 The influence of  bo ttom curren t regime on sedimentation 

The seismic irnage of sediments is an expression of the seisrnic irnpedance contrast be- 
tween various units, which depends On the physical properties seismic velocity and den- 
sity. Since the seisrnic velocity in water saturated sediments, relatively close to the ocean 
bottorn, shows little variation for different lithologies, it is the density which has most 
impact On the seisrnic impedance. Especially large are the density contrasts at hiatuses, 
with different lithologies at either side of the interface. 

Two distinct episodes of bottom current sedirnentation are observed, the first plastering 
the ocean bottom (Fig. 6.3), starting probably in the Eocene and ending in the early 
Oligocene with a widespread hiatus associated with an erosional event (Wildeboer Schut 
et al., 2002). Following this event is a steady buildup of distinct drift structures. 

The packages within the unit below reflector 0 are (sub-)parallel, sigrnoidal (Fig. 6.2) 
or lenticular (Fig. 6.4) shaped. The strong seisrnic reflections in this unit indicate varia- 
tions in current velocity, which determines the grain size of the deposited sedirnents, or 
even reversals in current direction. The shape of the structures indicate a contourite cur- 
rent type of sedimentation, as does the existence of a buried rnoat, on profile AWI-98003 
(Fig. 6.5) near CDP 6000 just at the base of the Agulhas Ridge and parallel to it. Near 
CDP 9700 on profile AWI-98004 (Fig. 6.6), 75 km north of the Agulhas Ridge, a srnall- 
scale buried drift structure is found. A continuously southward rnigration of the crest has 
possibly prograded under the influence of the Coriolis force acting on a south-west setting 
bottorn current. The top of this drift was initially associated with the erosional surface (re- 
flector O), after approx. 100 rn of sedirnents accumulated. Eventually it formed the basis 
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of a continued build-up of the drift during Miocene and reaches a total thickness of ap- 
prox. 200 m. The continued build-up of this buried drift suggests that the direction of the 
active bottom current remained the Same during Oligocene and Miocene. 

The low intensity, seismically almost transparent units of which a large part of the 
drift structure between the reflectors 0 and M is composed (Figs. 6.5 and 6.6), is an 
indication for a homogeneous, predominantly muddy composition. This is affirmed by the 
sediments of late Oligocene and Miocene age found in hole 1090 (Shipboard Scientific 
Party, 1999d). 

Cores samples from drill site 1089, mainly of Pleistocene age, contain older fossils. 
This is an indication that re-sedimentation by a bottom current took place. Shallow- 
water diatoms throughout the entire sedimentary record demonstrates a steady input of 
sediments originating near the African coast (Shipboard Scientific Party, 1999c), which 
constrains the trajectory of the bottom current. 

6.7 The history ofCenozoic bottom currents in the Cape Basin 

Seismic images of contourite drifts often show mainly low intensity seismic reflections, 
due to a predominantly muddy composition. The intermediate to high amplitude reflec- 
tors encountered on seismic sections often reflect a change in the sediment accumulation 
rate or in the composition of the sediments. Variations of the seismic structure within con- 
tourites could therefore imply variations in the larger scale circulation pattem, whereby 
sediments from a different source region are brought in. A different type of original sedi- 
ment input or variations in biogenic production leads to lithologies with a seismic velocity 
and density contrast which manifests itself as a seismic reflection. Another possibility is 
current velocity increase, reflected in a more sandy type of sediments. 

The existence of contourite sheets shows that bottom current activity existed in the 
Cape Basin before timing of reflector 0 (early Oligocene), and transported a significant 
amount of sediments into the Cape Basin. Data from Site 1090 show that the Eocenelearly 
Oligocene units correspond with high diatom abundantes and high opal percentages and 
variability, and were deposited at high sedimentation rates (Shipboard Scientific Party, 
1999d). This indicates the fluctuating paths of the oceanic currents at that time, picking 
up materials in varying source regions. 

Increased current velocity can result in large erosional surfaces, which is one of the 
features that are characteristic of contourites (Faugkres and Stow, 1993). This happened in 
the southem Cape Basin in the early Oligocene, after which the erosional surface became 
the base for large scale drift structures. 

These type of large scale drifts were classified as giant elongate-mounded drifts by 
(Faugkres and Stow, 1993), drifts much longer than wide along a continental margin, or 
along the flanks of Mid-Ocean Ridge Systems. 

Steady build-up of the drift structure with parallel to sub-parallel layers indicate that 
the current direction did not substantially change between early and late Oligocene. 



6.8. CONCLUSIONS 

The bottom cusrent flow stabilised and a steady build-up of an elongate mounded drift 
commenced (schematically visualised in Fig. 6.3). During this period the current did 
not change significantly in speed or in the sediments it carried, as the seismic unit is 
highly transparent in contrast to the older units. Although current activity remained, and 
in the Same direction as before, there were altemating periods of stronger and weaker 
bottom current flow. In the middle Miocene a hiatus is found, which is probably con- 
nected to a period of non-deposition when deeper waters could no longer reach the Cape 
Basin due to reduced production of the proto-AABW of that time (Sykes et al., 1998). 
When sedimentation continued, the seismic reflectors inside post middle-Miocene units 
become progressively more pronounced, although still weak compared to Eocene - early 
Oligocene reflectors. 

Quatemary sediments have been exposed to altemating periods of stronger and weaker 
flow, to the point where erosion could take place. These episodes are probably connected 
with the Pleistocene glaciation cycles. Northem hemisphere cooling increased the input 
of NADW periodically which resulted in altemating diminished and increased CDW input 
into the South Atlantic ocean (Tumeau and Ledbetter, 1989). Pleistocene hiatuses are not 
unique to the Cape Basin, and found on other locations of the South Atlantic ocean as well 
(Ledbetter and Ciesielski, 1982). Site 1089, with predominantly Quatemary sediments, 
shows stronger variation in the relative amount of siliceous and calcareous sediments than 
other Leg 177 Sites with mainly older sediments do. Bioturbation, prevalent in the Pleis- 
tocene sediments of Site 1089, the scarcity of dropstones and the presence of fossilised 
near coast species (Shipboard Scientific Party, 1999c) indicate that a bottom cusrent is 
the primary source of sediments in the Cape Basin. Further, this evidences that the CDW 
enters the Cape Basin near the African coast and subsequently follows a south-westward 
trajectory along the Agulhas Ridge. 

6.8 Conclusions 

Drift deposition due to bottom current activity in the Cape Basin has probably been 
present at least since the end of the Eocene. The character of the sedimentation how- 
ever changed drastically in the early Oligocene, after the glaciation of the Antarctic con- 
tinent commenced and led to the production of Antarctic Bottom Water. Before the early 
Oligocene, a series of strong seismic reflectors, often parallel to sub-parallel, are present 
on all profiles in the Cape Basin in the form of a slope plastered sheet. This indicates 
rapid transitions in the velocity andlor chemistry of the accumulated sediments and pos- 
sibly the path followed by the bottom current. With the introduction of a steady influx of 
water masses associated with a proto-AABW in the Cape Basin in a similar way as the 
present situation, large scale erosion took place. After settling down, the build-up of a 
large elongate mounded drift started parallel to the Agulhas Ridge. 

Due to its pronounced elevation over the adjacent sea-floor the Agulhas Ridge prohibits 
the direct northward flow of circumpolar waters, forcing a path between the north-eastern 
end of the Agulhas Ridge and the African coast. Once in the Cape Basin, the bottom 
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water flows parallel to the bathymetric contours of the Agulhas Ridge. The asymmetry of 
a buried contourite mound is probably due to Coriolis force deflection, and is an indicator 
for a current following a south-westward path, similar to present day CDW. 

An elongate contourite drift of several hundred metres thickness accumulated while a 
steady sedimentation rate was maintained, until inflow temporarily halted in the middle 
Miocene. After a period of non-deposition, build-up of the drift contifiued. An increase in 
strong reflectors, and an increase in layers truncated by Pleistocene layers reveal increased 
current velocity for younger sediments, and probably a connection with glaciation cycles. 
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7. SUMMARY AND OUTLOOK 

The Agulhas Ridge developed during the Cretaceous breakup of Gondwanaland. Since 
then, Antarctica has been separated from the surrounding continents and became ther- 
mally insulated. This led to the production of cold Antarctic Bottom Water in the polar 
region. Its low potential temperature makes it a heavy water mass which is confined by 
the topography of the ocean bottom around Antarctica. Mixing occurs with other water 
masses, and some of these newly formed water masses end up in the basins of the south- 
em Atlantic ocean. The coldest and densest of the water masses which enters the Cape 
Basin is the Lower Circumpolar Deep Water (LCDW). As a bottom current, it sweeps the 
Cape Basin, and depending on the current strength, it is responsible for sedimentation and 
erosion in this basin. Erosion, or non-deposition cause prominent reflectors in the seis- 
mic data which can be traced back in the in the cores as hiatuses in the palaeontological 
sequence. A prominent hiatus occurs in ihe early Oligocene sequence. This hiatus marks 
a prominent change in sedimentation. The hiatus is ambiguous in the core data based on 
microfossil contents and the magnetic reversal record, but is clearly visible in the seismic 
data as an erosional surface. Other hiatuses as found in the cored sections, in the middle 
Miocene, around the MiocenePliocene boundary and in the early Pleistocene correspond 
to outstanding reflectors on the seismic sections. The Miocene hiatus corresponds to a 
well known middle Miocene global sea level low stand, at which time the CDW probably 
could not overcome topographic barriers to reach the Cape Basin. The sediments in the 
Miocene and Pliocene layers are contained inside thick packages, which show relatively 
low internal structure. The reason for this transparent nature lies in the high sedimentation 
rate, which is documented by the core record at site 1089 of ODP Leg 177. 

Large amounts of sediments have been injected into the Cape Basin, where they formed 
thick packages, which show a large degree of transparency on a seismic image. These 
layers are interpreted as contourite sheets, deposited by a bottom current. 

The shape of drift structures in the Cape Basin indicate that they were formed under the 
influence of contour currents, (sub-)parallel to the Agulhas Ridge. Preferential deposition 
on one side of a deep-sea channel parallel to the Agulhas Ridge is an indication for a 
sustained flow over a larger amount of time under coriolis force influence. It indicates 
that the direction of bottom current flow from the Oligocene onward follows a trajectory 
similar to the present day bottom current, by which northward flowing branches of the 
LCDW enter the Cape Basin through a Passage between the north-eastem end of the 
Agulhas Ridge and the African continent and then follow a south-westem path along the 
contours of the Agulhas Ridge. The implication of the of the existence of such a bottom 
current is that there must have been a southem source feeding it, from the Oligocene until 



SUMMARY 

present. Investigation o f  this source can contribute to our understanding the glaciation 
history o f  Antarctica. 

The seismic image o f  the sediments deposited before the early Oligocene hiatus on the 
other hand show sharp and strong reflectors. This is an expression o f  the fundamentally 
different circulation regime which existed before a global conveyor belt was established, 
and large amounts o f  water mass exchange between the oceans did not yet occur. 

Because geological data can be used to constrain the time scale o f  the image o f  sedi- 
mentological structures as provided by seismic data, and On the other hand seismic data 
can be used to extrapolate findings o f  core data over a wider area, is it desirable to make 
a connection between the core and seismic data. This can be done with physical proper- 
ties measured on core data as an intermediate step. A major problem however is that o f  
non-continuous measurements On core samples, due for instance to recovery problems. 
Wherever possible downhole measurements should be made instead, but these are not al- 
ways available. Missing core data has to be intespolated and spurious data filtered, and 
when possible corrections should be made for different pressure and temperature condi- 
tions in the lab. After a continuous record of density and seismic P-wave velocity values 
is constructed, then a suitable wavelet should be chosen to match the seismic data. 

One o f  the locations o f  Leg 177, Site 1090 was originally piamed to be drilled in the 
Agulhas basin, but in absence o f  reliable bathymetric and seismic data it was instead 
located On the top Agulhas Ridge. Having seismic data available before starting drilling 
operations would allow for a much more precise planning o f  locations, as well as avoid 
drilling at locations where the sequences might be disturbed. The seismic data covered 
mainly the Agulhas Ridge and the Cape Basin whereas the data from the Agulhas Basin 
is rather sparse. Also, no drilling took place inside the Agulhas basin. Having data in the 
Agulhas Basin might have placed further constraints on the path along which sediments 
were transported. 

It remains an Open question whether the Agulhas Ridge remained tectonically active 
after the Cretaceous. The reflection seismic data indicates that this might be the case as 
there are volcanic intrusions inside the Cenozoic sediments and even recent sediments are 
affected by uplift. Also, regarded its age, it would be expected that the area would have 
been more affected by sea floor subsidence. To solve this problem inforrnation On the 
crustal structure and the age and composition o f  the volcanic material is needed. 
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ACC: 
cdp: 
ccd: 
CDW: 
cmp: 
DSDP: 
FAFZ: 
mbst  
mcd: 
ms: 
NADW: 
nmo: 
ODP: 
PF: 
SAF: 
STF: 
Sv: 
twt: 

Antarctic Bottom Water 
Antarctic Circumpolar Current 
common depth point 
carbonate compensation depth 
Circumpolas Deep Water 
common mid point 
Deep Sea Drilling Project 
Falkland-Agulhas Fracture Zone 
metess below sea floor 
meters composite depth 
milli seconds 
North Atlantic Deep Water 
normal moveout 
Ocean Drilling Program 
Polar Front 
Subantarctic Front 
Subtropical Front 
Sverdrup (= 1o6m3s-l) 
two way traveltime 
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