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Miocene changes in the vertical structure of the Southeast Atlantic near-surface water 

column: Influence on the paleoproductivity 

 

Abstract 

The middle to late Miocene cooling interval reflects one of the most connoting intervals of global 

cooling during the Tertiary period. In the southern South Atlantic profound paleoceanographic changes 

occur during this phase. The studies carried out in this dissertation are based on stable isotopes of both 

benthic and planktonic foraminifers, as well as faunal analyses of planktonic foraminifers. Records from 

two core locations in the southern South Atlantic have been created on a high temporal resolution for the 

interval from ~ 14-7 Ma. At ODP site 1092 (46° 25’ S, 7° 5’ E, 1985 m) in the modern Polar Frontal Zone 

(PFZ) of the Atlantic sector of the Southern Ocean, the globally recorded double benthic foraminiferal 

δ18O increase of the middle Miocene (14.1 to 13.2 Ma) generates extraordinary heavy values, as compared 

to published records from other locations, including the North Atlantic basin or the Indo-Pacific sector of 

the Southern Ocean. This evolution is evidence of deep water production occuring particularly in the 

Atlantic sector of the Southern Ocean. From there it floods the Atlantic basin, which is presumably only 

sparsely flooded by North Atlantic Deep Water at that time. The benthic gradient between the Atlantic 

and the Pacific sectors of the Southern Ocean implies, that a uniform circumpolar deep water mass was 

not yet fully established, which hints to diminished current speeds of the Antarctic Circumpolar current. 

High benthic δ18O gradients between ODP sites 1092 and 1085 prevail until the earliest Late Miocene 

(~10.5 Ma), when they diminish significantly, indicating an enhanced deep water influence of the 

Southern Ocean to the southeast Atlantic. After ~ 9.9 Ma this δ18O gradient increases again for the rest of 

the observed interval. 

Prominent changes in the upper ocean hydrography can be concluded from changing foraminiferal 

faunas and shallow to deep dwelling planktonic stable isotopic gradients at both studied sites. At ODP 

site 1092, the Middle Miocene cooling interval comes along with the replacement of temperate faunas, 

that have prevailed until the late Middle Miocene (~13.6 Ma) by subantarctical faunas. Since then, both 

oxygen and carbon isotopic surface to deep gradients imply enhanced stratification of the upper ocean. 

At 10.8 Ma, deep water characteristics change significantly, implied by notedly enhanced carbonate 

preservation since that time. After ~ 10.3 Ma, a second profound and sustained change in forminiferal 

faunas sets off. Polar foraminifers appear for the first time at site 1092 and repeatedly fluctuate with 

subpolar faunas, giving indication of a PFZ migrating repeatedly across site 1092. These migrations come 

along with surface to deep planktonic δ18O gradient breakdowns, suggesting a vertically mixed upper 

ocean. Advancing antarctical surface waters are characterized by relative low δ13C values. In general, 

there is no clear indication for enhanced productivity in Southern Ocean surface waters.  
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The second site studied, ODP site 1085 (29° 23’ S, 13° 59’ E, 1725 m) is situated in the modern oceanic 

upwelling area off soutwest Africa, within the Benguela upwelling system. Various studies suggest an 

invigoration of the cool Benguela current and the onset of coastal upwelling within the Benguela system 

in the late Middle Miocene to early Late Miocene. The foraminifer assemblages represent subtropical to 

tropical faunas, that prevailed until the earliest Late Miocene (~ 11.3 Ma), when they were successively 

replaced by species adapted to cool, eutrophic surface waters. This implies an invigoration of the 

Benguela current, that is associated with incipient coastal upwelling. Enhanced upwelling is implied by 

reduced δ13C of mixed-layer and thermocline dwelling foraminifers since 11.6 Ma, i.e. the time of isotopic 

event Mi-5, most likely due to the advection of nutrient-rich (low δ13C) subsurface waters, that ultimately 

stem from the subantarctic surface. This invokes a mechanism like that put forth in the hypothesis of 

Sarmiento et al. (2004), which claims that nutrients are replenished by lateral advection of subantarctic 

surface waters through the thermocline. At the same time, increasing surface to deep planktonic δ13C 

gradients imply enhanced surface water productivity. This evolution is invigorated after isotopic event 

Mi-6 (~ 10.5 Ma), after which time planktonic δ18O records imply strong cooling of the surface and 

reduced thermal stratification of the upper ocean, that culminates at 9.65Ma. 

The occurence of enhanced proportions of G. menardii in sediments of the southeast Atlantic, which is 

generally interpreted to represent the invasion of Indian Ocean surface waters through the Agulhas 

current, is recorded in the interval between isotopic events Mi-5 and Mi-6. This indicates that 

displacements of the South Atlantic fronts, which are also implied by assemblage changes at subantarctic 

ODP site 1092 during this time, may have supplied conditions favourable for the initiation of upwelling 

at site 1085.  

From the latitudinal δ18O gradients of a given foraminiferal species (G. bulloides) at both studied sites 

the thermal gradients of the surface water between the subantarctical and the subtropical Atlantic (46-29 

°S) can be inferred. This gradient reflects a generally increasing trend and is characterized by local 

maxima, that happen to coincide with global δ18O maxima (Mi-events). Gradients of surface water 

temperature calculated from this δ18O gradients increase from average values of 6 °C to 9 °C in the late 

Middle Miocene (13.9–11.6 Ma) to values of 6 to 10 °C until ~ 9.0 Ma. The initiation of Benguela upwelling 

from 11.6 to 10.5 Ma is indicated by a stagnation of the long-term increasing trend in latitudinal surface 

water temperature gradients across the studied interval. 
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Änderungen der vertikalen Struktur der oberen Wassersäule des südöstlichen 

Atlantiks während des Miozäns: Einfluß auf die Paläoproduktivität 

 

Kurzfassung 

Ein herausragendes zeitliches Intervall innerhalb der schrittweise erfolgten globalen klimatischen 

Abkühlung des Tertiärs stellt das späte Mittel- und frühe Ober-Miozän dar. Im südlichen Südatlantik 

spielen sich während dieser Phase wichtige paläozeanographische Änderungen ab. Die Studien dieser 

Dissertation basieren auf Untersuchungen an stabilen Isotopen benthischer und planktischer 

Foraminiferen sowie der Zusammensetzung planktischer Foraminiferenfaunen. An zwei Lokalitäten des 

südlichen Südatlantiks wurden zeitlich hochauflösende Datenserien für den Zeitraum ~14–7 Ma erfasst. 

An der ODP-Station 1092 (46° 25’ S, 7° 5’ E, 1985 m) in der heutigen Polarfrontzone (PFZ) führt der 

bekannte global überlieferte doppelte δ18O-Anstieg in benthischen Foraminiferen im mittleren Mittel-

Miozän (14.1 bis 13.2 Ma) im Vergleich zu veröffentlichten δ18O-Aufzeichnungen anderer Lokalitäten, 

darunter Aufzeichnungen aus dem Nordatlantik und dem Indisch-Pazifischen Sektor des 

Südpolarmeeres, zu ungewöhnlich schweren Werten. Dies zeugt von einer im atlantischen Sektor des 

Südpolarmeeres besonders ausgeprägten Tiefenwasserbildung. Von dort fließt dieses in das atlantische 

Becken, welches vermutlich während dieser Zeit nur wenig mit Nordatlantischem Tiefenwasser gefüllt 

war. Der benthische δ18O-Gradient zwischen dem Atlantischen und dem Pazifischen Sektor des 

Südpolarmeeres legt nahe, daß eine einheitliche zirkumpolare Tiefenwassermasse noch nicht etabliert 

war, was auf geringere Strömungsgeschwindigkeiten der Zirkumantarktischen Strömung zurückgeht. 

Hohe benthische δ18O-Gradienten zwischen den ODP-Stationen 1092 und 1085 herrschen bis in das 

früheste Ober-Miozän (~ 10.5 Ma) vor, um dann deutlich abzusinken, was auf einen verstärkten Einfluß 

des Südozeans auf den tiefen südöstlichen Atlantik hinweist. Nach ca. 9.9 Ma erhöht sich dieser δ18O-

Gradient bis zum Ende des untersuchten Zeitraumes. 

Bedeutende Veränderungen in der Hydrographie der oberen Wassersäule beider untersuchter 

Stationen lassen sich aus Veränderungen der Foraminiferenfaunen, sowie den flach- zu tieflebenden 

planktischen Isotopen-Gradienten ableiten. An der ODP-Station 1092 geht der Abkühlungsschritt des 

Mittel-Miozäns mit der Verdrängung temperierter Faunen, die bis in das späte Mittel-Miozän (~ 13.6 Ma) 

vorgeherrscht haben, durch subantarktische Faunen einher. Seitdem zeigen flach- zu tieflebende-

Gradienten sowohl der Sauerstoff-, wie Kohlenstoffisotopen eine erhöhte Schichtung der oberen 

Wassersäule. Bei 10.8 Ma ändern sich Tiefenwassereigenschaften deutlich, angezeigt durch deutlich 

verbesserte Karbonaterhaltung. Seit ~ 10.3 Ma setzt ein weiterer tiefgreifender und nachhaltiger Wandel 

der Foraminiferenfaunen ein. Polare Foraminiferen erscheinen erstmals an Station 1092 im wiederholten 
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Wechsel mit subpolaren Arten, dies zeigt, daß sich die PFZ wiederholt über Station 1092 hinwegbewegt. 

Diese Bewegungen gehen einher mit wiederholten Zusammenbrüchen der flach- zu tieflebenden 

planktischen δ18O-Gradienten, die auf eine vertikal durchmischte obere Wassersäule hinweisen. 

Herannahende antarktische Oberflächenwässer weisen relativ niedrige δ13C-Verältnisse auf. Es gibt 

generell keine klaren Hinweise auf erhöhte Oberflächenproduktivität im Südpolarmeer. 

Die zweite untersuchte Station, ODP-Station 1085 (29° 23’ S, 13° 59’ E, 1725 m), liegt im modernen 

ozeanischen Auftriebsgebiet vor Südwest-Afrika, innerhalb des Benguela-Auftriebssystems. 

Verschiedene Studien belegen eine Verstärkung der kühlen Benguela-Strömung und den Einsatz von 

Küstenauftrieb innerhalb des Benguela-Systems im späten Mittel- bis frühen Ober-Miozän. Die 

Foraminiferenfaunen stellen subtropische bis tropische Gemeinschaften dar, die bis in das früheste Ober-

Miozän (~ 11.3 Ma) vorherrschten, wonach sie schrittweise durch Arten verdrängt wurden, die an kühle 

und nährstoffreiche Oberflächenwässer angepaßt sind. Dies deutet auf eine Verstärkung der Benguela-

Strömung hin, die mit einsetzendem Küstenauftrieb einhergeht. Verstärkter Auftrieb wird seit 11.6 Ma, 

d.h. der Zeit von Isotopenereignis Mi-5, durch sinkende δ13C-Verhältnisse sowohl der in der Deckschicht, 

sowie in der Thermokline lebenden Arten angezeigt, höchstwahrscheinlich durch die Advektion 

nährstoffreicher (δ13C-verarmter) Zwischenwässer, die ihren Ursprung an der Oberfläche der 

Subantarktis haben. Dies legt einen Mechanismus nahe, wie jenen, in der von Sarmiento et al. (2004) 

postulierten Hypothese, die besagt, das Nährstoffe durch laterale Advektion subantarktischer 

Oberflächenwässer durch die Thermokline aufgefüllt werden. Gleichzeitig ansteigende δ13C-Gradienten 

der flach- zu tieflebenden Foraminiferen deuten auf ansteigende Produktivität. Diese Entwicklung wird 

nach dem isotopischen Event Mi-6 (~ 10.5 Ma) noch verstärkt, danach weisen planktische δ18O-Werte ein 

starkes Abkühlen der Oberfläche und eine verminderte thermische Schichtung der oberen Wassersäule 

aus, was bei 9.65 Ma kulminiert. 

Das Auftreten erhöhter Anteile von G. menardii in Sedimenten des südöstlichen Atlantiks, was 

generell als Vordringen von Oberflächenwasser aus dem Indischen Ozean gedeutet wird, kann im 

Intervall zwischen den isotopischen Ereignissen Mi-5 und Mi-6 festgestellt werden. Dies deutet darauf 

hin, daß Verschiebungen des südatlantischen Frontensystems, die während dieser Zeit ebenfalls durch 

Faunenwechsel an der subantarktischen Station ODP-Station 1092 angezeigt werden, Bedingungen 

erzeugt haben könnten, die vorteilhaft für das Einsetzen von Auftrieb gewesen sein könnten. 

Aus den latitudinalen δ18O-Gradienten einer gegebenen Foraminiferenart (G. bulloides) kann auf den 

thermischen Gradienten der Oberflächenwässer zwischen den beiden untersuchten Stationen im 

subantarktischen und subtropischen Atlantik geschlossen werden. Dieser Gradient zeigt einen generell 

ansteigenden Trend und ist durch lokale Maxima gekennzeichnet, die mit den globalen δ18O-Maxima 

zusammenfallen. Aus diesen δ18O-Gradienten errechnete Gradienten der Oberflächenwassertemperatur 
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steigen von durchschnittlichen Werten von 6 bis 9 °C im späten Mittel-Miozän (13.9-11.6 Ma) auf Werte 

von 6 bis 10 °C bis ~ 9.0 Ma an. Das Einsetzen des Benguela-Auftriebs zwischen 11.6 und 10.5 Ma wird 

durch eine Stagnation des während des untersuchten Intervalls langfristig ansteigenden latitudinalen 

Oberflächentemperaturgradienten angezeigt. 
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Fig. 1.1. Global composite benthic stable isotope record 
(left: δ18O, right: δ13C) for the Cenozoic era (from Zachos 
et al., 2001). 

Part I – Introduction 

 

Earth`s climate during the Cenozoic 

The transition from the late Mesozoic and 

early Cenozoic to the late Cenozoic is 

characterized by distinct climate cooling. The 

most comprehensive clue to this development is 

the stable oxygen isotopic record of the oceans 

deep waters, recorded in fossil biogenic calcite 

(Fig. 1.1). Reflecting both temperature and global 

ice volume, the oxygen isotope proxy indicates 

cooling of deep waters and accumulation of 

continental ice through the last 50 million years 

(Shackleton and Kennett, 1975; Savin et al., 1975). 

Of the ~4‰ δ18O increase, ~1‰ can be accounted 

for by ice stored in continental ice sheets, while 

current understanding of oxygen isotope 

systematics and mass balance considerations of 

modern ice sheets suggests that the remainder 

reflects deep sea cooling on the order of 12°C 

(Lear et al., 2000). The record implies that this 

evolution is punctuated by several prominent intervals (Zachos et al., 2001). Abrupt δ18O increases occur 

in the initial Oligocene (Oi-1 event, ca. 34 Ma), in the initial Miocene (Mi-1 event, ca. 23 Ma), in the 

Middle Miocene (Mi-3 and Mi-4 events, 14.1–13.2 Ma), and in the Plio-/Pleistocene (2.7 Ma, 0.9 Ma). 

However, long-term δ18O increases appear throughout most of the Eocene (ca. 50-34 Ma), in the Miocene 

(ca. 14-8 Ma), and in the late Pliocene through Pleistocene (ca. 3-1 Ma).  

In recent years the use of Mg/Ca, a temperature proxy independent of ice-volume, helped to abate the 

ambiguity between cooling deep waters and global ice volume along with global cooling in the Cenozoic 

(Lear et al., 2000; Billups and Schrag, 2002). The resulting deep water temperature record is characterized 

by a decline from around 14 to 2 °C over the last 50 m.y. (Fig. 1.2). Though there is growing evidence for a 

first glaciation on Antarctica in the Eocene (Ehrmann, 1998; Tripati et al., 2005), the first continent-wide 

permanent glaciation of Antarctica is thought to have occured at the Eocene/Oligocene boundary. A 

second growth phase of the East Antarctic ice sheet (EAIS) took place in the middle and late Miocene. The 
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Fig. 1.2. Composite records of a combined low-resolution benthic δ18O and Mg/Ca study for the Cenozoic era. Left: 
Deep water temperature calculated from Mg/Ca measurements using a paleotemperature equation. Middle: 
Foraminiferal δ18O. Right: δ18O of the sea water calculated from Mg/Ca-temperature and foraminiferal δ18O using a 
substituted paleotemperature equation (from Lear et al., 2000).

timing of the West Antarctic ice sheet formation is still under debate, but is generally thought to have 

occured in the late Miocene (Kennett and Barker, 1990). The onset of Northern Hemisphere Glaciation 

(NHG) is discussed controversial. While it is widely accepted that the main phase of NHG occured in the 

late Pliocene to Pleistocene, there is evidence for small-scale glaciation on Greenland in the late Miocene 

(~10-6 Ma) (Zachos et al., 2001). Recent results of the first coring expedition to the central Arctic Ocean 

provided evidence for glacial episodes in the Eocene (Shipboard Scientific Party, 2005) suggesting a much 

earlier glaciation of the northern hemisphere. 

 

Causes for global cooling in the Cenozoic 

Several reasons for the Cenozoic climate change obvious in the geological record have been discussed. 

Major tectonical events along with the breakup of the Gondwana continent coincide with crucial periods 

of glaciation. One example being the opening of the Tasmanian gateway between Antarctica and 

Australia, that occurs synchronous with the initital glaciation around the Eocene/Oligocene boundary. 

Another well-studied episode is the opening of Drake Passage, which removed the final barrier to deep 

water circumpolar flow (Barker and Thomas, 2004). The exact timing of Antarctic Circumpolar Current 

(ACC) formation is still under debate. Actually, ACC flow may have been hindered by obstruction to the 

east by contintental fragments around the Scotia Sea delaying full formation of the ACC until the early 

Miocene (~22-17 Ma) (Barker and Burrell, 1982; Barker, 2001). However, the ACC fostered thermal 

isolation of Antarctica offering an explanation for global cooling at that time. The concept of thermal 

isolation of Antarctica was initially proposed by Watkins and Kennett (1971). This concept relies on the 
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Fig. 1.3. Reconstruction of atmospheric CO2 during the 
Cenozoic showing the results of both the boron isotope/pH 
approach (Pearson and Palmer, 2000) and the alkenone 
isotope approach (Pagani et al., 1999) (from Zachos et al., 
2001). 

assumption that a circumpolar circulation around a geographically isolated Antarctic continent prevents 

warm surface currents to reach the high southern latitudes.  

Recently, modellers called into question the role of tectonics for Cenozoic climate change, instead 

favouring the impact of greenhouse gases. DeConto and Pollard (2003 a,b) imply ice-sheet height/mass-

balance feedbacks after the assumed glacial inception at the Eocene/Oligocene boundary to sustain an 

ever-growing ice cap on Antarctica once a certain CO2 threshold is crossed. The onset of the ACC as a 

possible response to an opening Drake Passage would only affect the threshold level of CO2 required for 

glacial onset, but is not a requirement for it. This confirms earlier model results of Mikolajewicz et al. 

(1993), who conclude that the reduction of poleward heat flux that comes along with the opening of 

Drake Passage is not enough to explain the onset of glaciation on Antarctica. Huber et al. (2004) challenge 

the notion that heat transport changes driven by altered surface currents as a response to an opening 

Tasmanian gateway initiated rapid glaciation of Antarctica at the Eocene/Oligocene boundary. However, 

though climate models fail to reproduce the concept of thermal isolation in detail and imply instead 

prime control of greenhouse gas decline, at least some role of tectonics for cooling of the high southern 

latitudes on time scales of millions of years is appreciated by the modelling community.  

Estimates of past atmospheric CO2, based on stable carbon isotope ratios of organic matter from 

marine phytoplankton (e.g. Freeman and Hayes, 1992), show a decline throughout the Cenozoic. 

Reconstructions based on boron isotope measurements (Pearson and Palmer, 2000), yield levels of more 

than 2,000 p.p.m. for the late Paleocene and earliest Eocene (60 to 52 Ma), that decrease distinctly through 

the Eocene epoch (Fig. 1.3). However, these 

authors find CO2 concentrations to remain 

below 500 p.p.m. and to be almost stable 

since the early Miocene (24 Ma) during 

intervals of rapid cooling in the middle 

Miocene (~15 Ma) and late Pliocene (~3 Ma). 

Likewise, pCO2 levels reconstructed by 

Pagani et al. (1999) exhibit a decrease at the 

Oligocene-Miocene boundary, but a constant 

range on the order of Pleistocene levels 

throughout the Miocene epoch (Fig. 1.3). 

There is no evidence for either high pCO2 during the late early Miocene climatic optimum or a sharp 

decline associated with the growth of the EAIS in the middle Miocene. Therefore, the notion of global 

cooling in the middle Miocene being driven by declining atmospheric greenhouse gas concentration is 

open to some doubt. 
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The middle to late Miocene cooling interval 

The current discussion on the middle to late Miocene climate cooling comprises the following aspects: 

1. A two-step benthic foraminiferal δ18O increase of the middle Miocene (i.e. Mi-3 and Mi-4 in the 

notation of Miller et al., 1991) occurs between 14.1 and 13.2 Ma (Shevenell and Kennett, 2004; manuscript 

no. 1). The increase has been inferred to reflect a combination of EAIS growth and deep water cooling 

(Woodruff and Savin, 1989, 1991; Wright et al., 1992). A paired benthic foraminiferal Mg/Ca and δ18O 

approach by Lear et al. (2000) yielded a 85 % contribution of ice buildup for the δ18O increase. However, 

some role of glacioeustasy has been inferred from the coincidence of these events with sequence 

boundaries in the New Jersey coastal plain and sea level lowerings of the Haq et al. (1987) sea level curve 

(Miller et al., 1997), though recent sea-level estimates of van Sickel et al. (2004) from the New Jersey 

coastal plain cast doubt on the large sea-level drop of the Haq et al. (1987) curve in the middle Miocene, 

challenging the notion of glacioeustatical control for the δ18O increase. 

2. A sustained positive ~1‰ δ13C excursion in the middle Miocene, the so-called Monterey event 

(Vincent and Berger, 1985) is thought to reflect sequestration of isotopically light carbon from the ocean in 

high-productivity regions like coastal upwelling areas, lowering atmospheric CO2 and thereby setting the 

stage for global cooling. Diachroneity of enhanced productivity (~16.4 to 13.6 Ma) and cooling (14.1 – 13.2 

Ma) is not yet explained. 

3. The gradual global shift of siliceous sedimentation from the North Atlantic to the North Pacific and 

Southern Ocean during the middle and late Miocene, the so-called silica switch (Keller and Barron, 1983) 

is thought to reflect extreme deepening of the carbonate compensation depth (CCD) in the North Atlantic 

through incipient production of well-oxygenated North Component waters, which repell the silica-rich 

AABW, that has thus far flooded the deep North Atlantic. Via basin-basin fractionation the place of 

siliceous deposition is switching to the Southern Ocean and Pacific Ocean (Baldauf and Barron, 1990; 

Cortese et al., 2004). 

4. The gradual closure of the deepwater connections of the Tethys towards the Indian and Atlantic 

Ocean around 14.5 Ma (Woodruff and Savin, 1989; Ramsay et al., 1998) and around 13.0 Ma (Ramsay et 

al., 1998), respectively, terminated the flow of warm saline deep waters to these basins and thereby 

reduced the latitudinal heat transport to the high southern latitudes. However, no mechanism has been 

proposed for the heat of this water mass to ascend to shallower depths in the high southern latitudes. 

5. The gradual closure of the Australian-Indonesian passage since 20 Ma (Dercourt et al., 1992), that 

reduced the throughflow of equatorial surface waters to the Indian Ocean, reducing zonal and 

presumably latitudinal heat transport. 
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6. The subsidence of the ridges between Greenland and Europe, i.e. the opening of a connection 

between the North Atlantic and the Norwegian-Greenland sea, that has a complex, poorly constrained 

history. While the Denmark strait reached its maximum depth of 700 m at approximately 14 Ma and has 

been shallowing since, the Iceland-Faeroes ridge and Faeroes-Shetland channel reached a critical depth of 

300 m at approximately 18 Ma and have been deepening since then (Hay, 1996 and references therein). 

Subsidence below this critical depth may have triggered cooling by causing a fundamental 

rearrangement of the North Atlantic circulation system linking the entire North Polar Sea as a heat sink to 

the world ocean (Blanc et al., 1980; Schnitker, 1980). 

7. A rapid tectonic uplift of the Panama sill to around 1,000 m depth in the middle Miocene (~13-12 

Ma), that has initiated the closure of the Central American seaway (Duque-Caro, 1990), disrupting the 

deep water connection between the Atlantic and the Pacific Oceans. This forced deep water masses 

originating in the North Atlantic to flow as a western boundary current towards the Southern Ocean 

(Nisancioglu et al., 2003). Other results suggest instead that closure of the deep water connection was 

itself a prerequisite for the formation of NCW (e.g. Mikolajewicz and Crowley, 1997). 

 

Global cooling, Benguela upwelling, and the global carbon cycle 

In addition to continental weathering, organic carbon burial in marine sediments is assumed to have 

mainly driven the long-term trend in atmospheric pCO2 decrease and climate cooling during the 

Cenozoic (Vincent and Berger, 1985; Raymo, 1994). On timescales of millions of years upwelling systems 

can serve as sinks for CO2 (Schneider and Müller, 1995) and thus offer a link between productivity and 

cooling as has been claimed by the “Monterey hypothesis” of Vincent and Berger (1985). The feedback 

loop outlined by these authors runs as follows: organic carbon sequestration that is focussed at coastal 

upwelling regions would favor atmospheric CO2 decline, further enhancing global cooling and 

reinvigorating vertical temperature gradients in the water column which in turn promotes upwelling 

intensity. The geologic imprint, e.g. in marine carbonates of such a scenario would be a δ13C increase – 

induced by organic carbon sequestration – contemporaneously occuring with a δ18O increase due to sea 

water cooling/ice buildup. 

Although there is indication for the establishment of upwelling regions as early as the Eocene off 

South America (Marty et al., 1988) and off southwest Africa (D`Argenio et al., 1998), it is generally 

accepted that upwelling intensity greatly enhanced during the latest Miocene and Pliocene (Marlow et al., 

2000; Diester-Haass et al., 2002). However, there is growing evidence for the establishment of coastal 

upwelling in the Benguela region in the middle to late Miocene. The first evidence was provided by 

Siesser (1980), who showed that in the Walvis Ridge region (~20 °S) sediment accumulation rates and 
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diatom concentrations sharply raised in the early Late Miocene (~10 Ma). Concomitantly changing 

planktonic assemblages indicate surface water cooling possibly related to an initial Benguela Current 

activity. Diester-Haass et al. (1992) proposed that an area of coastal upwelling progressively moved 

northward since the middle Miocene due to a progressively strenghtening of the Benguela current. Off 

the coast of Namibia (~30 °S) a variety of paleoproductivity proxies implies that marine productivity was 

distinctly raised already around the middle/late Miocene boundary (Diester-Haass et al., 2002; Twichell et 

al., 2002). The evolution of upwelling in the California upwelling region in the middle to late Miocene 

(Lyle et al., 2000; Barron et al., 2002) suggests a common pattern of evolution with upwelling intensity 

progressively increasing from the poleward to the equatorward side of the coast during the late middle 

Miocene (White et al., 1992), implying a global pattern of upwelling intensification in the late middle to 

early late Miocene, and thus after the main carbon isotope excursion of the Monterey interval. Consensus 

has been reached on the fact that Benguela upwelling is bound to “glacial periods” during the Miocene 

(Hay and Brock, 1992; Meyers et al., 1992; Diester-Haass et al., 1992), which is in concordance with 

increased upwelling intensity in glacial periods of the Pleistocene (Berger and Wefer, 2002). This 

observation could also fit to a global pattern of upwelling intensification triggered by global cooling 

events that increased latitudinal thermal gradients, wind strenghts, coastal upwelling and biosiliceous 

sedimentation in mid-latitude coastal upwelling regions (Baldauf and Barron, 1990). Thus cooling steps 

should occur contemporaneously with increased productivity. This question is adressed in manuscript 3. 

 

Antarctic circumpolar oceanic fronts – their climatic significance and evolution 

Today, between about 45 °S and 45 °N, the approximate positions of the subtropical fronts, a 

warmwater sphere covers the surface of the ocean. Below this warm mixed layer cool intermediate waters 

reside, separated by the thermocline. These intermediate waters originate from the subpolar regions 

where strong latitudinal density gradients force cool surface waters to sink below the less dense surface 

waters along isopycnal surfaces. Further polewards the absence of density stratification leads to vertical 

mixing all the way down to the sea floor. Here, deep and bottom water masses are generated that sink 

and spread equatorwards throughout the world ocean. 

Recently, it has been shown, that Antarctic Intermediate Waters are also important for the lateral 

advection of nutrients to the upper ocean that are consumed in the photic zones of the surface mixed 

layers (Sarmiento et al., 2004). Most importantly in the context of long-term climatic cooling in the 

Neogene, surficial oceanic fronts serve as thermal barriers for latitudinal heat transport (Rooth, 1982). 

Studies that have adressed the past positions of the polar frontal zone (PFZ) made use of the high 

producitivity within the PFZ and its geological record, high sediment and organic carbon accumulation 
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Fig. 1.4. Map showing the Southern Ocean and the 
modern positions of ACC fronts (SAF: subantarctic 
front, PF: polar front, ST: subtropical front (from 
Whitworth, 1988). 

rates, high diatom abundances, among others (e.g. Westall and Fenner, 1990). Alternative approaches 

comprise the distribution of radiolarians (Lazarus and Caulet, 1993), distribution patterns of diatoms 

(Censarek, 2002; Cervato and Burckle, 2003), and the variability of δ13C of the surface water, which in the 

modern Southern Ocean reaches a maximum close to the polar front (Charles and Fairbanks, 1990).  

It appears that the ACC and the corresponding 

frontal system (Fig. 1.4) already developed since 

the Eocene-Oligocene boundary, but strengthened 

from the middle Miocene through Pliocene 

(Lazarus and Caulet, 1993) as a response to 

cooling of the higher southern latitudes during 

this interval. This is in line with Pagani et al. 

(2000), who attribute upper ocean stratification 

changes in the subtropical South Atlantic to 

varying production of intermediate water in the 

Subantarctic, in turn controlled by the intensity of 

the ACC. Following these authors, the PFZ moved 

northward and production of intermediate waters 

strengthened during the early Miocene (~21.0-16.4 

Ma); at the end of the climatic optimum of the 

Middle Miocene, reinvigoration occured around 15 

Ma. Changing diatom floras indicate cold surface waters, that progressively advance from south to north 

from ~13.5 to 12.0 Ma, and retreat from ~10.8 to 9.5 Ma (Censarek, 2002), indicating large scale latitudinal 

migrations of the PFZ. 

 

 

 

 



Introduction 

 8 

Part II – Focus of this study 

 

This study is part of rcom project A6 (productivity changes during the span of Tertiary climatic cooling). It 

focuses on the impact global cooling had on thermal and nutrient stratification of the upper ocean. The 

establishment of an intermediate water mass originating in the subantarctic region in the course of 

climatic cooling in the middle and late Miocene increased the thermal stratification of the upper ocean 

and provided an additional source of nutrients to the world ocean. Both factors are crucial prerequisites 

for the establishment of high productive cells, e.g. coastal upwelling regions, that are fed by nutrient-rich 

subsurface waters. Strengthened latitudinal temperature gradients in the Southern Ocean favor the 

formation of intermediate water and hence the vertical stratification of the upper ocean at lower latitudes. 

Specifically the following questions are adressed: 

 

- What is the exact timing of cooling intervals in the Southern Ocean ? 

- How does the Southern Ocean surface react on/influence global cooling ? 

- What is the role of upper ocean stratification for the formation of coastal upwelling cells ? 

- Is it possible to find linkages between the initiation of coastal upwelling and processes in 

  the high southern latitudes ? 

 

These questions are adressed by the following papers: 
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1. Middle to Late Miocene cooling history of the subantarctic Atlantic (ODP 1092) 

  

 Harald Paulsen, Thomas Westerhold and Torsten Bickert 

 to be submitted to Geology 

 

Based on oxygen isotope stratigraphy, a new age model was established for ODP site 1092 in the 

Atlantic sector of the Southern Ocean. The benthic δ18O record from 14.3 to 7.4 Ma covers the interval of 

globally recorded δ18O events Mi-3 through Mi-7 (Miller et al., 1991) in detail and allows us to study the 

cooling history of the Southern Ocean. Very high δ18O values in the aftermath of the two Middle Miocene 

δ18O increases Mi-3 and Mi-4 (~ 14.0-13.2 Ma) are recorded compared to published records from other 

oceanic areas. Comparison to a published record of ODP site 1085 from the southeast Atlantic, situated in 

comparable water depth, reveals high δ18O gradients within the South Atlantic. δ18O values at ODP site 

1092 are also higher than those recorded in the deep North Atlantic. This δ18O pattern suggests Southern 

Ocean deep water formation to take place primarily in the Atlantic sector during the Middle to Late 

Miocene. From there it would reach the deep North Atlantic basin which is not yet flooded by North 

Atlantic Deep Water, due to both weaker production of this water mass as well as a still open connection 

between the deep Atlantic and Pacific basins through the Central American Seaway. A δ18O record of 

ODP site 1171 from the Indo-Pacific sector of the Southern Ocean reveals that δ18O gradients also exist 

within the Southern Ocean. This implies, that a circumpolar watermass with equal characteristics was not 

yet fully established and that the ACC was weaker than today. 
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2. Benguela upwelling and global cooling in the middle to late Miocene – evidence 

 from ODP Site 1085 planktonic foraminifer assemblages and isotopes 

  

 Harald Paulsen and Torsten Bickert 

 to be submitted to Palaeogeography, Palaeoclimatology, Palaeoecology 

 

High-resolution oxygen and carbon isotope records from both shallow and deep dwelling planktonic 

foraminifers from ODP site 1085 from the continental rise of southwest Africa (29° 23’S, 13° 59’E, 1725 

mbsl) reveal the evolution of the upper-ocean in the southeast Atlantic during the Middle to Late 

Miocene in detail. The studied interval (14-7 Ma) witnesses an important paleoceanographical evolution 

related to the global cooling period. The globally recorded d18O increases Mi-3 through Mi-6 are well 

pronounced especially within the thermocline dwelling foraminier G. conoidea. This implies that cooling 

pulses that stem from the high southern latitudes are particularly recorded by thermocline dwelling  

covers both the double δ18O increase of the Middle Miocene (~ 14-13 Ma) and the initiation of the 

Benguela upwelling system (~ 11.5-11.0 Ma). Incipient middle Miocene cooling, represented by the 

globally recorded δ18O events Mi-3 and Mi-4, comes along with distinct compartmentation of the upper 

ocean, most likely induced by cool intermediate waters from subantarctical origin. After an initial pulse 

of enhanced productivity around 12.3 Ma, sustained upwelling activity sets off between 11.5 and 11.0 Ma, 

reflected by evolving high productivity foraminiferal faunas containing N. pachyderma (s) and G. bulloides 

and distinctly increasing mixed-layer to thermocline δ13C gradients. The timing of this initiation suggests 

a causal relationship between long-term deep water cooling at site 1085 that occurs between globally 

recorded δ18O events Mi-5 (~ 11.6 Ma) and Mi-6 (~10.5 Ma), and signals increasing influence of the high 

southern latitudes on this oceanic region, and the enhancement of Benguela upwelling activity. This 

mechanism would be in line with the hypothesis of Sarmiento et al. (2004) claiming that nutrient 

advection from the subantarctic region plays an important role for high productivity in the upwelling 

region of the southeast Atlantic. This time interval is also characterized by enhanced spatial variability of 

the South Atlantic oceanic fronts, reflected by the occurence of the allegedly Indian Ocean-derived 

foraminifer species Globorotalia menardii. The assumed leakage of potentially nutrient rich Indian Ocean 

water via the Agulhas current, that is indicated by the occurence of this species in the southeast Atlantic 

offers an alternative source for enhanced nutrient content responsible for the initiation of Benguela 

upwelling.  
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3. Middle to Late Miocene subantarctic upper ocean stratification: Results from ODP 

 1092 planktic foraminifer assemblages and stable isotopes 

 Harald Paulsen, Torsten Bickert and Syee Weldeab 

 to be submitted to Paleoceanography 

 

The extent and variability of surface water masses in the southern South Atlantic Ocean is studied 

using distribution patterns of planktonic foraminifers and surface water stratification proxies (surface to 

deep foraminiferal δ18O and δ13C gradients). ODP site 1092 (46.4 °S, 7.1 °E, 1985 m) is characterized by 

progressive surface water cooling during the observed interval. Temperate conditions prevailed from 

14.3 to 13.6 Ma, subpolar conditions from 13.2 to ~10.3 Ma (with a short, but distinct temperate interval at 

10.8 Ma), and conditions alternating between subpolar and polar from ~10.3 to 7.4 Ma, as indicated by the 

foraminiferal faunas. Planktonic surface to deep δ18O and δ13C gradients reveal that a major increase in 

upper ocean stratification occured along with Middle Miocene δ18O event Mi-3 (~13.6 Ma), while the 

succeeding δ18O events did not have comparable influences on the upper ocean structure. The short warm 

event at around 10.8 Ma set the stage for a fundamental change in deep water characteristics, as indicated 

by distinctly enhanced carbonate preservation and changing foraminiferal assemblages. The reason for 

this event remains unconcealed. The most striking feature of the shallow to deep ∆δ18O record is the 

repeated breakdown of upper ocean thermal gradients, assumed to reflect the repeated migration of 

vertically mixed antarctical surface waters across ODP site 1092 between ~10.0 and 8.0 Ma. 
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Part III – Methods 

 

Oxygen isotopes 

We have used the δ18O proxy to adress two aims. In the first manuscript we refine the published 

stratigraphy of ODP site 1092 by correlating δ18O events to a published age model of ODP site 1085. In the 

second manuscript we reconstruct near-surface ocean stratification in the South Atlantic by establishing 

surface to deep δ18O gradients from multi-species measurements and to estimate latitudinal temperature 

gradients across the southern South Atlantic through the middle and late Miocene. With the additional 

information provided by planktonic foraminiferal assemblages, we are able to reconstruct the position of 

oceanic fronts in this area. 

δ18O stratigraphy 

In this study we make use of the recently developed Astronomically Tuned Neogene Time Scale 

(ATNTS) of Lourens et al. (2004), which is more accurate and has a much higher resolution than previous 

geological time scales. All ages presented in the manuscripts refer to this time scale unless otherwise 

specifically stated. 

A set of distinct δ18O increases, that are associated to glaciation on Antarctica and therefore approved 

as globally synchronous offer a reliable time frame for correlation. Recently, Westerhold et al. (2005) have 

established a set of age assignments for Mi-events recorded in the middle to late Miocene section of ODP 

site 1085. Due to the absence of hiatuses, high sedimentation rates and distinctly improved age control 

achieved by orbital tuning of very high-resolution data, this core is ideally suited as a reference core with 

respect to its age model.  

δ18O as a proxy for surface water stratification 

Gradients of oxygen isotope ratios from foraminifers dwelling in different depth habitats provide a 

tool for the reconstruction of upper-ocean stratification (e.g., Mulitza et al., 1997; Niebler et al., 1999). A 

given species calcifies in the water depth where it (dwells and) reproduces, thus known depth habitats of 

the different species enable us to quantify the thermal contrast between shallow (usually the mixed layer) 

and deeper waters (usually thermocline or below). However, due to the dependancy of the δ18O-proxy on 

salinity possible vertical salinity gradients in the water column pose a potential source of inaccuracy on 

this approach.  
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Carbon isotopes 

Carbon isotope ratios are much more complex to interpret compared to oxygen isotopes, since they 

are influenced by a number of processes.  

δ13C as a proxy for paleo-productivity 

δ13C is regarded as a proxy for nutrient availability (Berger and Wefer, 2002), because δ13C is 

negatively correlated with nutrient content of the water. We exploited the paleoproductivity signal by 

using surface to deep gradients of δ13C (manuscript no. 3). The approach relies on the assumption that 

nutrients are stripped off the surface layer and thus increase the surface to deep δ13C-gradient if surface 

water productivity is enhanced. 

Constraints for this proxy result from species-specific offsets from equilibrium δ13C, that occur in 

many planktonic foraminifers (e.g. Fairbanks et al., 1982) and have to be accounted for. The shell size 

used also determines the carbon isotope value recorded by the foraminifer, because the incorporation of 

carbon isotopes depends on the rate of metabolism, which in turn depends on the growth rate of the 

animal (e.g. Peeters et al., 2002). 

 

Planktonic foraminifers in paleoceanography 

Reconstructions via paleobiogeograpy of foraminifers 

Distribution patterns of planktonic foraminifers can be assigned to climate zones (e.g. Bé, 1977). 

Changes in their distribution in the past thus can give strong support for climate variations. These 

displacements have been mapped for example by the CLIMAP project members (1984) for the last glacial 

maximum (the “18k map”).  

Cooling in the middle Miocene is marked by a narrowing of tropical and warm subtropical biotic 

provinces in terrestrial and marine environments (Flower and Kennett, 1994). Due to the decreasing 

number of species with increasing latitude, changes in foraminiferal assemblages tend to be more subtle 

in the higher latitudes.  

By comparison of the modern distribution of foraminiferal species in the southern South Atlantic (Bé 

and Tolderlund, 1971; Bé, 1977; Niebler and Gersonde, 1998) and in the Benguela region (Giraudeau, 

1993), to the Miocene assemblages we infer past positions of climate belts and make constraints on the 

position of the ACC fronts. 
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In general, we assume that ecological demands of fossil species are close to their modern descendants. 

Inferences made on the evolutionary lineages of planktonic foraminiferal genera rest mainly on the 

concepts of Kennett and Srinivasan (1983) and Srinivasan and Kennett (1981). 

Specifically, the occurence of certain marker species that are indicative of specific oceanographical 

settings in the modern South Atlantic both with respect to climate and surface water productivity can be 

used. Sinistrally coiled Neogloboquadrina pachyderma indicates eutrophic polar and subpolar regions, 

where it contributes up to 100 % to the assemblage (e.g. Niebler et al., 1998). Actually, this species also 

occurs in mid-latitude coastal upwelling areas, like that off southwest Africa, where it indicates regions of 

maximum upwelling intensities (Giraudeau, 1993; Little et al., 1997; Ufkes et al., 2000). Another species of 

high paleoclimatological significance is Globigerina bulloides. This species commonly dwells in the 

subpolar to temperate latitudes of the oceans (Bé and Tolderlund, 1971). In the South Atlantic it is the 

dominant species between the PFZ and the STF (Niebler and Gersonde, 1998). Most importantly, it 

indicates enhanced surface water nutrient concentrations and therefore is well adapted to upwelling 

environments, where its characteristics are well studied (e.g. Kroon and Ganssen, 1988). Globorotalia 

conoidea became extinct in the latest Miocene, thus our conclusions rely on the assumption that its 

ecological behavior is close to its modern descendant, G. inflata (Kennett and Srinivasan, 1983). This 

species is known to dwell in temperate waters of the South Atlantic Ocean (Bé and Tolderlund, 1971). Its 

highest relative abundance in the modern South Atlantic Ocean is reached north of the subtropical front, 

where subpolar and subtropical waters mix (Niebler and Gersonde, 1998). 

 

Depth habitats of planktonic foraminifers 

During their life cycle planktonic foraminifers inhabit different depths within the water column (e.g. 

Hemleben et al., 1989). As a result, the shell size strongly influences the isotopic composition of the shell. 

Certain species, like G. truncatulinoides, use to precipitate a secondary calcite crust after reproduction in 

deeper water layers relative to their earlier life stages (Mulitza et al., 1997). Depending on the strength of 

the seasonal cycle and hence on latitude inter-specific differences within a given faunal assemblage can 

occur. For example in the South Atlantic isotopic ratios measured on both G. ruber and G. inflata 

incorporate a seasonal signal, as G. ruber calcifies mainly in summer while G. inflata mainly clacifies in 

winter (Wefer et al., 1996). Other factors controlling the depth habitat of foraminifers are the depth of the 

chlorophyll maximum (Kemle-von Mücke and Oberhänsli, 1999) and the degree of surface water 

stratification (Mulitza et al., 1999). 

There is only indirect evidence for depth habitats of extinct planktonic foraminiferal species. All 

observations regarding this important issue result from oxygen isotope ratios of different species relative 

to each other (Keller, 1985; Norris et al., 1994). The only extinct species we have used for isotopic analysis, 
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G. conoidea belongs to the Globoconella subgenus. The evolutionary lineage of this subgenus has been 

studied by Norris et al. (1994). The authors propose a thermocline habitat for species belonging to this 

subgenus since the early Miocene. 
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Taxonomy 

There are different trends in the occurence and evolution of genera and subgenera of planktonic 

foraminifera that distinguish the two cores studied and enable us to place constraints on the climatic 

evolution of the two corresponding oceanic regions. 

The following abstract will give a brief representation of the most important foraminiferal genera, 

subgenera, and species that are characteristic for each of the two cores studied. 

 

Genus: Globorotalia CUSHMAN, 1927 

Subgenus: Hirsutella BANDY, 1972 

Type species: Rotalina hirsuta D`ORBIGNY, 1837 

 

The Hirsutella subgenus by far represents the most important subgenus of Globorotaliid formaminifers 

at subantarctic ODP site 1092. Plate 1 gives an overview of the different species distinguished in the 

middle to late Miocene section of ODP site 1092. Except for G. scitula and G. challengeri that appear during 

certain intervals at ODP site 1085, species of the Hirsutella subgenus are confined to site 1092. This argues 

for an adaption of this subgenus to the temperate to subpolar latitudes of the southern hemisphere. If this 

assumption is correct, high proportions of G. challengeri, that are encountered at ODP site 1085 between 

13.3 and 12.3 Ma, could imply an influence of the higher southern latitudes to the southeast Atlantic at 

that time, presumably indicating enhanced flux of southern sourced subsurface waters along with cool 

water advances. The only extant species of the members of Hirsutella occuring in the studied interval of 

ODP site 1092 is G. scitula, today mainly confined to the subpolar climate zones. Distinction of this species 

is complicated primarily due to intergradation with G. cibaoensis in the Middle Miocene (12.6-12.0 Ma). 

 

Genus: Globorotalia CUSHMAN, 1927 

Subgenus: Globoconella BANDY, 1975 

Type species: Globorotalia conomiozea KENNETT, 1966 

 

The Globoconella subgenus is virtually absent in sediments of subantarctic ODP site 1092, while species 

of this genus are consistently present in high proportions in sediments of ODP site 1085 (plate 3).  
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However, two intervals at site 1092, are dominated by G. miozea (plate 1), which argues for unusually 

warm waters. Before Mi-3, the first of the two Middle Miocene cooling steps, G. miozea occurs in high 

relative proportions at ODP site 1092, argueing for temperate water conditions before the Middle 

Miocene cooling event. Around 10.8 Ma a short (~100,000 a) interval of relatively warm water at site 1092 

can be deduced from the re-occurence of that species (this event is discussed in manuscript no. 3). 

 

Genus: Neogloboquadrina BANDY, FRERICHS and VINCENT, 1967 

Type species: Globigerina dutertrei D`ORBIGNY, 1839 

 

The Neogloboquadrina genus, whose evolution through the Miocene is complex, evolves differently at 

both sites studied. While at ODP site 1085, the species N. pachyderma appears in a variety close to its 

modern shape since ~11.0 Ma, the faunas at ODP site 1092 exhibit a wide range of variation in the 

arrangement and morphology of the chambers, the aperture, and surface texture. Some examples for 

different Neogloboquadrinids from ODP site 1092 are presented on plate 2. These different types are 

either phenotypes of N. pachyderma or intergradations with other species, namely N. continuosa (sensu 

Kennett and Srinivasan, 1983) and Globorotalia mayeri. An unambiguous taxonomic definition of N. 

pachyderma is crucial for paleoceanographical interpretations, since this species is indicative of polar 

waters in the high latitudes and also of enhanced surface water productivity in coastal upwelling regions. 

Unfortunately, different species of the genus Neogloboquadrina tend to intergrade to each other (Kennett 

and Srinivasan, 1983 and references therein). On top of that, there is evidence for a tendency of 

Neogloboquadrinids to originate multiple phenotypes in response to specific environments, e.g. coastal 

upwelling environments (Kennett et al., 2000). 

 

Genus: Globorotalia CUSHMAN, 1927 

Subgenus: Menardella BANDY, 1972 

Type species: Pulvinulina menardii PARKER, JONES, and BRADY, 1865 

 

Only one single species of this subgenus occurs at ODP site 1085, G. menardii. Its occurence is 

restricted to the interval 11.2 to 10.5 Ma. However, the significance of this species in sediments of the 

southeast Atlantic is extraordinary high, as it is assumed to indicate warm water inflow from the Indian 

Ocean surface. This bears important implications for surface ocean circulation, and thus heat distribution. 
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Genus: Globigerina D`ORBIGNY, 1826 

Subgenus: Zeaglobigerina KENNETT and SRINIVASAN, 1983 

Type species: Globigerina woodi JENKINS, 1960 

 

This subgenus, which comprises subtropical to tropical species is largely confined to ODP site 1085. 

Here, species dominate the assemblages of the Middle Miocene section (see manuscript no. 2). Plate 3 

gives some examples from ODP site 1085.  
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Part IV – Prospects for future research 

 

The work compiled within this dissertation has revealed that there is clear need for furster 

investigations on both ODP sites 1085 and 1092. The following abstract will give a brief overview on 

aspects of future research, which I regard as most relevant: 

 1. Determination of the well preserved benthic foraminiferal assemblages at ODP site 1085 will 

provide additional insights into the Miocene evolution of the Benguela upwelling area. Determination 

and interpretation of benthic faunas represents a powerful tool for the understanding of the deep sea 

environment beneath the upwelling region. First of all it provides an additional productivity proxy that 

may help to differentiate between successive periods of enhancing surface water productivity at site 1085. 

First qualitative investigations have revealed the intermittent occurence of species related to enhaced 

productivity (e.g. species of the genus Uvigerina). Benthic faunas are also capable of reconstructing deep 

water oxygenation as well as deep water circulation patterns. Schmiedl (1995) has provided a dataset of 

benthic faunal distribution patterns based on surface samples that covers the area of ODP site 1085. 

Comparison of the Miocene faunas to the modern ones allows us to place constraints on the 

characteristics of deep water masses that bath the region of that site. 

ODP site 1092, which experiences drastic changes interpretable in terms of changing deep water 

characteristics, e.g. the sustained amelioration of carbonate preservation since around 10.8 Ma, also 

requires further investigation of its benthic faunal composition. Potential changes in surface water 

productivity that may come along with a progressively northward migrating Polar Frontal region across 

site 1092 are likely to be reflected by changes in the benthic faunal assemblage and allow us to monitor 

changes in surface water productivity patterns. Here, investigations of Pleistocene assemblage patterns, 

that cover the glacial to interglacial variability (e.g. Mackensen et al., 1994) provide a modern analog 

dataset. 

2. Paleotemperature calculations based on Mg/Ca measurements contain a great deal of 

paleoceanographic potential for both studied sites. This proxy, if measured on high temporal resolution, 

can broadly improve our understanding on the extent and timing of the Middle Miocene cooling steps. 

First studies have been carried out on benthic foraminifers of ODP site 1092, which covers δ18O maxima 

Mi-3 through Mi-6. The paleotemperature and seawater δ18O (δ18Ow) record derived from this study will 

improve on earlier studies (Billups and Schrag, 2002; Lear et al., 2000), conducted on longer time scales 

and with much lower temporal resolution, which strongly hampers the interpretation of individual 

cooling events. This in turn allows us to place constraints on both the timing and extent of ice volume 

accumulation on Antarctica during the Miocene. Just recently, a combined benthic foraminfer Mg/Ca and 
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δ18O study of Lear et al. (2004) has improved on the understanding of the interrelation of cooling and ice 

accumulation steps both at the Eocene/Oligocene and in the initial Miocene. 

Applied to planktonic foraminifers the Mg/Ca proxy offers unprecedented opportunities for 

paleoceanographic reconstructions of the Polar Front region (ODP site 1092). Being characterized by 

sharp latitudinal gradients in both surface water temperature and salinity this region requires a 

temperature proxy independent on salinity. The main cooling period of the Middle Miocene has been 

investigated by Shevenell et al. (2004) in the Indo-Pacific sector of the Southern Ocean using combined 

planktonic Mg/Ca and δ18O. At ODP site 1092 in the Atlantic sector of the Southern Ocean, the focus 

should be placed to the interval ~11-8 Ma. Within this inteval, strong δ18O fluctuation takes place, e.g. a 

warming event at 10.8 Ma. Most importantly, repeated events of low surface water δ18O stratification, that 

appear between ~10 and 8 Ma. 

Mg/Ca-derived paleo-sea surface temperatures would also allow us to better understand the 

interrelation of the Benguela region (ODP site 1085) with both the subantarctic realm (ODP site 1092) and 

the Indian Ocean. The Benguela region is influenced by miscellaneous surrounding oceanic areas, like the 

subantarctic South Atlantic, the southwest Indian Ocean, and the subtropical South Atlantic (e.g. Peeters 

et al., 2004). Varying influences, that are reflected in the foraminiferal assemblages, e.g. the occurence of 

G. menardii, that is thought to represent an interval of enhanced Indian Ocean surface water leakage via 

the Agulhas current (manuscript no. 3), should come along with marked changes in both sea surface 

temperature and salinity. This issue is of global significance, since the rate of interocean exchange 

between the Atlantic and Indian Oceans, controls the amount of heat returning to the Atlantic along with 

the global thermohaline circulation (Gordon, 1986). Comparison of Mg/Ca-derived paleo-sea surface 

temperatures of the two studied sites can also reveal the history of the Benguela current, that is thought 

to have been successively invigorated during the Middle to Late Miocene (Diester-Haass et al., 1992). 
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ABSTRACT 

We present a high-resolution benthic oxygen isotope record of ODP site 1092 (46°S, 7°E, 1985 mbsl), 

drilled on Meteor Rise in the Atlantic sector of the Southern Ocean, spanning the middle to late Miocene 

(14.3-7.4 Ma). This record allows to study the cooling history of the southern hemisphere in detail and to 

reassess the significance of punctuated glaciation events of Antarctica. We used globally synchronous 

δ18O maxima Mi-3 and Mi-4 for correlation to an orbitally tuned δ18O record to slightly revise previously 

published age models for ODP site 1092. Our record does not give indication of discrete glaciation events 

Mi-5, Mi-6, and Mi-7 in the Middle and Late Miocene. Instead, the late Miocene benthic δ18O increase 

seems to reflect an additional deep water cooling caused by enhanced production of a cool southern 

source water mass. The record also reveals asymmetries in the evolution of the different sectors of the 

Southern Ocean. The Atlantic sector was filled with cooler or saltier deep water compared to the Indo-

Pacific sector from 14.3 to 11.0 Ma, challenging the notion of a modern-type, i.e. circumpolar deep water 

distribution as a response to the glaciation of Antarctica. 

 

 

1. INTRODUCTION 

 

Major accretion of Antarctic continental ice occured during the middle Miocene cooling. In a recent 

study, Shevenell et al. (2004) dated the major increase to occur between 14.2 and 13.8 Ma. Since then, 

punctuated increases in benthic δ18O records (Mi-events) in several deep sea sites (Miller et al., 1991; 

Zachos et al., 2001) suggest that further glaciation of Antarctica proceeded in a step-like fashion. 

Generally, Antarctic glaciation has been claimed to be accompanied by cooling of deep water masses and 

reinforcement of deep water production in the Southern Ocean as well as strengthening and northward 

shift of the Antarctic circumpolar current (ACC) and its corresponding frontal system increasing the 

thermal isolation of the high southern latitudes. Information about the thermal evolution of the Southern 

Ocean is crucial for understanding the causes of middle to late Miocene climate change. Here, we present 

a high-resolution benthic oxygen isotope record from the Atlantic sector of the Southern Ocean to better 
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understand the cooling history of the high southern latitudes and the initiation of modern ocean deep 

water circulation. 

 

 

2. MATERIAL AND METHODS 

 

2.1. ODP Site 1092 

ODP site 1092 (46°25´S, 07°05´E, 1985 mbsl) was drilled on the northern slope of Meteor Rise in the 

subantarctic sector of the Southern Ocean (Shipboard Scientific Party, 1999) (Fig. 1). The site is located 

approximately 3° north of the present-day Polar Front in the Polar Frontal Zone (PFZ) which is bounded 

by the Subantarctic Front to the north and the Polar Front (PF) to the south. The PFZ separates cold, 

nutrient-rich antarctic surface waters from warmer, relatively infertile subantarctic surface waters to the 

north. 

At site 1092 four overlapping holes (A-D) were drilled by APC technology down to 188 mbsf, yielding 

a complete spliced sediment sequence of 211 mcd of Holocene to early Miocene age. Sedimentation rates 

vary between 15 and 38 m/Myr in the late Miocene and around 4 m/Myr in the middle Miocene 

(Shipboard Scientific Party, 1999). The studied interval is dominated by high carbonate concentrations 

(>85 %) consisting mainly of nannofossil ooze with only minor proportions of foraminifers. Opal content 

does not exceed 2.5 % in the sediments older than 11.0 Ma and does not exceed 6 % in the younger 

interval except for one peak value of 10 % at 9.3 Ma (Diekmann et al., 2003). Paleoposition of site 1092 

was determined using plate tectonic reconstruction (www.odsn.de) to a position of 48.5° S and 4.5° E for 

14.0 Ma. 

Continuous measurements of calcium and iron composition of sediments of ODP site 1092 were 

performed using the X-ray fluorescence (XRF) core scanner at Bremen ODP Core Repository. These high 

resolution records were used for correlation of overlapping cores from different holes to establish the 

new revised composite depth (rmcd) sequence. 

Benthic oxygen isotope data were generated from analysis of the benthic foraminifer Cibicidoides 

kullenbergi. Usually two well preserved specimens of the size fraction >250 µm were chosen for isotopic 

analyses. Measurements were performed on a Finnigan MAT 252 mass spectrometer equipped with an 

automated carbonate preparation line at the University of Bremen. The carbonate was reacted with 

orthophosphoric acid at 75°C. Analytical precision is 0.07 ‰ for δ18O as referred to an internal carbonate 

standard. All data are reported against VPDB after calibration with NIST 19. The middle to late Miocene 

section was sampled every 10 cm along the shipboard mcd to create a continous composite record. The 

geomagnetic datums used in this study refer to the astronomically tuned Neogene time scale (ATNTS) of 
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Lourens et al. (2004). All data and tables are available in electronic format at 

http://www.wdcmare.org/PangaVista?query=@Refxxxxx. 

 

 

Figure 1. Map showing the positions of ODP sites 1092 and 1085 in the Atlantic sector of the Southern Ocean (filled 
dots denote present positions, circles denote estimated paleoposition at 14.0 Ma) and ODP site 1171 in the Indo-
Pacific sector of the Southern Ocean. Broken lines represent modern positions of oceanic fronts of the ACC 
(subtropical, subantarctic, and polar front from north to south, after Peterson and Stramma, 1991). Gray shading 
represents areas shallower than 3,000 m. 

 

 

2.2. New revised composite depth (rmcd) 

Gamma-ray attenuation (GRA) bulk density, magnetic susceptibility, and color reflectance data 

collected from holes 1092A-D were used to construct an initial shipboard composite section for site 1092 

down to 188 mcd (base of core 1092A-18H). Alignment of measured sedimentary features by simply 

adding a constant to the mbsf core depth needed shore-based reevaluation, as individual cores turned out 

to be highly distorted. Below 110 mcd downhole variations in physical properties appeared with much 

lower amplitude than above this depth with signal-to-noise ratios being rather low due to the high 

amount of carbonate present (Shipboard Scientific Party, 1999). Therefore, we used XRF Fe intensity data 

to create a new splice below 115.41 mcd (1092 A-12H) down to 190.14 rmcd (1092 A-18H). 
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3. RESULTS 

 

3.1. Benthic oxygen isotope data 

Two major increases in δ18O between 184 and 180 rmcd of 0.8 ‰ and 0.7 ‰, respectively, are the 

primary features of the benthic oxygen isotope record (Fig. 2). These shifts resemble the magnitude of the 

two major Middle Miocene δ18O increases Mi-3 and Mi-4. After these increases, δ18O vary in a relatively 

narrow range between 2.4 to 3.2 ‰ with a uniform short-term amplitude of about 0.5 ‰. Values are 

slightly decreasing from 170 through 148 rmcd (~12.0 through 10.8 Ma) and remain at a fairly constant 

level until about 120 rmcd (~9.9 Ma), after which a 0.4 ‰ increase sets off until around 104 rmcd (~9.1 

Ma). 

 

Figure 2. Benthic oxygen isotope record of ODP site 1092 from 80 to 186 revised mcd (rmcd). Oxygen isotope values 
are measured using the benthic taxon C. kullenbergi. They refer to the VPDB scale and are not corrected for isotopic 
disequilibrium. 

 

 

3.2. Age model 

A first shore based age model for site 1092 was developed by Censarek and Gersonde (2002). It was 

based on diatom biostratigraphy supported by shipboard paleomagnetic data. Evans and Channell (2003) 

refined the magnetic stratigraphy from 13.5 to 5.9 Ma based on high-resolution (1-cm sampling) 

paleomagnetic studies. The new rmcd depth scale resulted in slight revisions of the original 

interpretation (Evans et al., 2004). However, the two age models turned out to be notably inconsistent in 

the interval older than about 12.7 Ma (for discussion see also Evans and Channell, 2003). 
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Censarek and Gersonde (2002) concluded from the coincidence of the FOs of Denticulopsis 

praedimorpha and Nitzschia denticuloides and the LO of Actinocyclus ingens var. nodus that a hiatus occurred 

at 180.50 rmcd, spanning from 13.5 Ma to 12.7 Ma (refering to the time scale of Berggren et al., 1995). 

Based on their interpretation of the shipboard paleomagnetic record the top of this hiatus is positioned 

within chron C5An.2n. Occurrence of discontinous sedimentation is also suggested by the shipboard 

biostratigraphy, that shows suspicious joint LOs of three calcarous nannoplankton taxa at 179.87 rmcd 

(Fig. 3). 

 

Figure 3. Comparison of the age model of ODP 1092 of this study to previous age models. Depth scale (rmcd scale) is 
given on the left, age scale, astronomically tuned Neogene time scale (ATNTS), is given on the right of the panel, gray 
bars highlight subchrons of normal polarity. a. Age model of the Shipboard Scientific Party (1999): paleomagnetic 
record, diatom zonation and calcarous nannoplankton and radiolarian events. b. Age model of Censarek and 
Gersonde (2002): interpretation of the paleomagnetic record and newly established diatom zonation for the northern 
part of the Southern Ocean. c. Age model of Evans et al. (2004): based exclusively on the paleomagnetic record. d. 
Age model of this study: adopting the paleomagnetic interpretation of (c) from the base of C3Br.1n (= 7.285 Ma) to the 
base of C5An.2n (= 12.415 Ma) and using stable isotope events, as well as reinterpreted paleomagnetic datums below 
that interval. Biostratigraphic events in a and b appear as in the original studies, i.e. referring to the time scale of 
Cande and Kent (1995). 

 

Therefore, we take the depth of 180.50 rmcd as the lower limit of the undisturbed sediment succession. 

In the interval of assumed discontinous sedimentation we use stable isotope stratigraphy to improve the 

age-depth relationship. In a first step we tied the ages of oxygen isotope maxima Mi-3 and Mi-4 to the 

orbitally tuned high resolution record of ODP 1085 using the δ18O minimum preceding Mi-4 as an 
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additional datum point. The confidence of these datum points is confirmed by the benthic oxygen isotope 

record of ODP 1171 from the Indo-Pacific sector of the Southern Ocean (Shevenell and Kennett, 2004), 

drilled in a comparable water depth as Site 1092. It covers the δ18O maximum of Mi-3 and the δ18O 

minimum preceding Mi-4. Age offsets between ODP 1085 and ODP 1171 for these events are as low as 21 

and 18 kyrs, respectively. Mi-4 is obscured by a core break at Site 1171 and hence only vaguely 

constrained to occur between 13.31 and 13.08 Ma. A good match between the δ13C records of ODP 1092 

and ODP 1085 between 13.8 and 12.5 Ma confirms the age model. 

With the age-depth relationship of this interval we are able to review the paleomagnetic interpretation 

of the two conflicting age models below the condensed section. The lowermost reversal (reverse to 

normal polarity) recorded by Evans et al. (2004) within the limits of our age-depth relationship is at 

181.94 rmcd, interpreted as representing the top of C5AAn. Our model yields an age of 13,726 kyrs for 

this depth. The age for the top of C5ACn is 13,734 kyrs on the ATNTS, i.e. only 8 kyrs older. These new 

ages clearly differ from those given by Evans et al. (2004). At the same time, the new age model implies 

that the notion of a hiatus from 13.5 Ma to 12.7 Ma of Censarek and Gersonde (2002) is principally correct. 

The authors assigned the reversal at 184.22 rmcd as the top of chron C5ADn, while Evans et al. (2004) 

interpret a reversal at 184.15 rmcd as the top of C5ABn. This 2 chron-offset is caused by reversals being 

obscured within the condensed interval between 14.08 to 12.85 Ma. The reversal at 183.20 rmcd must be 

reinterpreted as representing the bottom of C5ACn (= 14.095 Ma). 

As a result of this new age model two intervals of strongly reduced sedimentation rates arise from 

14.08 to 13.29 Ma (2.8-3.5 m/Myrs) and from 13.20 to 12.85 Ma (1.9 m/Myrs). These condensed sections 

might be explained by enhanced deep water production during the middle Miocene cooling intervals. 

Enhanced current speeds would act to increase the relative proportion of coarse sediment. Indeed, low 

sedimentation rates covary with intervals of high sand proportions. 

 

 

4. DISCUSSION 

 

4.1. Subantarctic deepwater cooling 

A suite of pronounced and sustained increases in δ18O has been described at various sites in the world 

ocean through the Miocene (e.g., Miller et al., 1991; Westerhold et al., 2005). Middle Miocene events Mi-3 

and Mi-4 have been correlated to sequence boundaries in the New Jersey coastal plain, that coincide with 

sequence boundaries and sea level lowerings of the Haq et al. (1987) sea level curve (Miller et al., 1997) 

suggesting the primary role of glacioeustasy through increasing ice volume. These two events are clearly 

reflected in the ODP 1092 benthic δ18O record (Fig. 4). On the contrary, Mi-5 through Mi-7 are not 

discernible as discrete steps at ODP 1092. 
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At southeastern Atlantic Site 1085 the strong δ18O increase between 11.9 and 11.6 Ma (Mi-5) is 

coincident with a drop in sea level of the Haq et al. (1987) curve (Westerhold et al, 2005). Regression is 

also indicated by the enhanced flux of shelf-derived particles at site 1085 at that time (Diester-Hass et al., 

2004) further supporting glacioeustasy as the dominant control for this δ18O event. It sets the stage for a 

long termed and sustained δ18O increase prevailing until 10.5 Ma (Mi-6). This is in striking contrast to the 

evolution of benthic δ18O at ODP Site 1092. 

 

 

Figure 4. Benthic oxygen isotope record of ODP site 1092 (bold black line) compared to the records of ODP site 1171 
(SW Pacific sector of the Southern Ocean; bold gray line; gaps indicate core breaks; Shevenell and Kennett, 2004), and 
ODP site 1085 (subtropical southeast Atlantic Ocean; thin black line). All records are presented as 25 kyr mean. No 
corrections for isotopic disequilibria have been applied. Age assignments of Mi-events after Westerhold et al. (2005). 
Gray bars denote intervals where sedimentation rates drop to values between 1.9 to 3.5 m/Myr at ODP 1092. 

 

Here, the benthic δ18O values already increase to a range of 2.5 to 3.0 ‰ at the middle Miocene cooling 

steps Mi-3 and Mi-4 and remain at that level until the next δ18O increase at 9.9 Ma. Since the δ18O values 

of ODP 1085 are close to those of the global compilation record by Zachos et al. (2001), the higher values 

at the subantarctic site 1092 must be related to an additional deepwater cooling at the depth of 1985 m on 

Meteor Rise. In the interval from Mi-4 through Mi-5 (13.2–11.7 Ma), δ18O differences increase up to 1.0 ‰ 

between the two sites. This gradient points to an additional subantarctic Atlantic cooling of ~2.4 °C, given 

equal δ18Ow at the two sites. 

The δ18O at Site 1092 is even higher than that measured at ODP Site 926 in the deep equatorial Atlantic 

(3° 43'N 42° 54' W) at 3600 m water depth (Shackleton and Hall 1997). Therefore, the higher δ18O values at 
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Site 1092 might indicate a deepwater formation in the subantarctic realm, which spreads into the deep 

Atlantic basins and underlays the intermediate water mass recorded at southeast Atlantic Site 1085. 

 

4.2. Subantarctic deepwater formation 

From a compilation of benthic isotope records in the SW Pacific Shevenell and Kennett (2004) propose 

that the gradient between ODP Sites 1170 and 1171 to the subtropical intermediate Site 588 of more than 

0.5‰ suggests the formation of a cooler and/or more saline southern source deepwater in the 

subantarctic zone from 13.8 Ma until the end of their records at 11.5 Ma. The even 0.4‰ higher δ18O 

values at Site 1092 would suggest that the formation of such a Southern Component Water mostly 

occured in the Atlantic sector of the Southern Ocean, and then circulated around Antarctica spreading 

northward into the adjacent deep Indian and Pacific Ocean basins. This distribution pattern of middle 

Miocene Southern Component Water is corroborated by the fact that the benthic δ18O values of ODP Site 

747 (54°48'S 76° 47'E) at a water depth of 1695 m on Kerguelen Plateau plot inbetween the records of Sites 

1092 and 1171 (Billups and Schrag 2002). It is also consistent with the results of ocean circulation 

modelling experiments by Butzin et al. (2005 subm.), who investigated the response of ocean circulation 

to the shoaling of the Central American Seaway (CAS). They found that although a significant amount of 

deep water was formed in the North Atlantic prior to the closure of the CAS, this newly formed 

deepwater is mostly exported through the CAS into the Pacific Ocean, and therefore did not cross the 

equator towards the South Atlantic like is does today. Instead, sea-ice formation around Antarctica 

promotes the production of a deepwater in the Atlantic sector of the Southern Ocean, which then spreads 

into the deep basins of the world ocean, compensated by an intermediate depth return flow in each of the 

three oceans. This pattern nicely fits to the reconstruction by Shevenell and Kennett (2004) for the deep 

Pacific Ocean, and to earlier reconstructions by Woodruff and Savin (1989). However, diversification of 

benthic foraminifer fauna suggests that the CAS shoaled to a depth of about 1000 m at the end of the 

middle Miocene around 12 Ma (Duque-Caro, 1990). This would have prevented the export of NADW to 

the Pacific through the CAS, instead constraining the southward flow of NADW. Indeed, from that time 

on the benthic δ18O values at subantarctic Site 1092 begin to rise again, most probably indicating the 

admixture of a warmer deep water to the subantarctic realm. Similar trends are recongnized in the 

benthic records on Kerguelen Plateau (Site 747) and in the deep equatorial Atlantic (ODP 926). From ODP 

Site 926 benthic Mg/Ca measurements Lear et al. (2003) recorded a warming of 5°C between 12 and 10.5 

Ma, most probably related to the influence of NADW at this deep water location. Also on Kerguelen 

Plataeu a warming of 2°C between 12.2 and 11 Ma is indicated by increasing Mg/Ca values in benthic 

foraminfers (Billups and Schrag 2002). However, in this temperature record of Site 747 a distinct drop 

after 11.0 Ma to about 2°C indicate a variability in deep water temperatures, which is not paralleled by 
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similar pattern in the δ18O record. It might biased by the low resolution record of a maybe higher 

temperature variability on a short-term timescale. 

 The recurrent benthic δ18O divergence between sites 1085 and 1092 between ~10.0 and 8.5 Ma can not 

be explained by the abovementioned flux of initial NADW to the Southern Ocean, as this interval is 

generally assumed to be characterized by reduced flow of initial NADW (e.g. Wright et al., 1992). The 

assumed increase of a southern-source water mass needed to compensate for the reduced NADW flow 

could account for deep water cooling at site 1092 which is implied by the δ18O divergence. This advance 

of southern sourced waters is reflected by changing surface water conditions at site 1092 since about 10 

Ma. Increasing proportions of sinistrally coiled Neogloboquadrina pachyderma, indicative of polar 

waters together with decreasing shallow to deep planktonic δ18O gradients might indicate a northward 

advance and/or strengthening of the ACC along with global cooling as hypothized by Pagani et al. (2000). 

 

 

5. CONCLUSIONS 

 

Based on the comparison of a new Southern Ocean middle to late Miocene benthic oxygen isotope 

record to the recently published records of ODP 1085 (South Atlantic) and ODP 1171 (Indo-Pacific sector 

of the Southern Ocean) we study the history of Antarctic glaciation and deep water formation between 

14.3 and 7.3 Ma. Globally recorded events Mi-3 and Mi-4 reflect major increases in ice volume due to 

Antarctic glaciation. Distinctly enhanced sand contents indicate sediment winnowing by increased 

bottom water speeds in the corresponding intervals of site 1092, which in turn leads to reduced 

sedimentation rates of ~2-3 m/Myr. The two cooling steps enhanced the deep water temperature gradient 

to the southeast Atlantic. The northward advance of cool antarctic intermediate to deep waters is a 

possible explanation. δ18O maxima Mi-5 through Mi-7 are not discernible in the Atlantic sector of the 

Southern Ocean, due to the opposing impact of deep water warming on δ18O. Converging benthic oxygen 

isotope values between site 1092 and site 1085 from 11.5 to 10.5 Ma indicate growing influence of the 

Southern Ocean on the southeast Atlantic during that time. The influence of NADW was weak, if present 

at all during the observed interval. Atlantic to Indo-Pacific δ18O gradients suggest the absence of a single 

circumpolar water mass in the middle to late Miocene and cast doubt on the evolution of strong 

circumpolar circulation as a response to Antarctic glaciation. 
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ABSTRACT 

A combined high-resolution stable isotope and foraminiferal assemblage study performed on Ocean 

Drilling Program (ODP) site 1085 from the continental rise of southwest Africa (29° 23’S, 13° 59’E, 1725 

mbsl) reveals the paleoclimatic evolution of the southeast Atlantic Ocean through the cooling period of 

the Middle to Late Miocene in detail. The studied interval (14-7 Ma) covers both the double δ18O increase 

of the Middle Miocene (~ 14-13 Ma) and the initiation of the Benguela upwelling system (~ 11.5-11.0 Ma). 

Incipient middle Miocene cooling, represented by the globally recorded δ18O events Mi-3 and Mi-4, 

comes along with distinct compartmentation of the upper ocean, most likely induced by cool 

intermediate waters from subantarctical origin. After an initial pulse of enhanced productivity around 

12.3 Ma, sustained upwelling activity sets off between 11.5 and 11.0 Ma, reflected by evolving high 

productivity foraminiferal faunas containing N. pachyderma (s) and G. bulloides and distinctly increasing 

mixed-layer to thermocline δ13C gradients. The timing of this initiation suggests a causal relationship 

between long-term deep water cooling at site 1085 that occurs between globally recorded δ18O events Mi-

5 (~ 11.6 Ma) and Mi-6 (~10.5 Ma), and signals increasing influence of the high southern latitudes on this 

oceanic region, and the enhancement of Benguela upwelling activity. This mechanism would be in line 

with the hypothesis of Sarmiento et al. (2004) claiming that nutrient advection from the subantarctic 

region plays an important role for high productivity in the upwelling region of the southeast Atlantic. 

This time interval is also characterized by enhanced spatial variability of the South Atlantic oceanic 

fronts, reflected by the occurence of the allegedly Indian Ocean-derived foraminifer species Globorotalia 

menardii. The assumed leakage of potentially nutrient rich Indian Ocean water via the Agulhas current, 

that is indicated by the occurence of this species in the southeast Atlantic offers an alternative source for 

enhanced nutrient content responsible for the initiation of Benguela upwelling. 
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1. INTRODUCTION 

 

The Benguela upwelling system is one of the four major eastern boundary upwelling regions of the 

world ocean. It extends along the southwest African margin between 17° and 34°S and is bounded by the 

Angola-Benguela Front to the north and by the Agulhas Retroflection to the south. Southeasterly trade 

winds in this region drive an offshore surface drift and cause an upwelling of cold, nutrient-rich water 

over most of the continental shelf. Upwelling at present occurs in a number of cells south of about 18°S, 

with a major permanent cell at 27°S (Shannon and Nelson, 1996). Between 18°S and 34°S, a longshore 

thermal front coincident with the shelf break marks the seaward extension of the upwelled water. This 

front is highly convoluted and often disturbed by filaments and eddies, sometimes extending as far as 

1300 km offshore (Summerhayes et al., 1995). At this front, a secondary high productivity zone is evident, 

the Benguela oceanic upwelling. It has been noted that enhanced phytoplankton productivity often 

occurs not in the center of upwelling cells, but rather offshore at the border of the upwelling zone (e.g., 

Lutjeharms and Stockton, 1987). Therefore, the development of an extensive and highly convoluted field 

of filaments, eddies and thermal fronts, as can be found offshore Lüderitz, is favorable for high 

productivity. It has been considered recently that beside the SE trade winds and the water mixing along 

the ocean fronts, the nutrient advection from the subantarctic region could play an important role for 

high productivity in this area. By the use of a combined distribution of silicic acid and nitrate to trace the 

main nutrient return path from deep waters by upwelling in the Southern Ocean and subsequent 

entrainment into subantarctic mode water, Sarmiento et al. (2004) could show that the subantarctic mode 

water, which spreads throughout the entire Southern Hemisphere and North Atlantic Ocean, is the main 

source of nutrients for the thermocline.  

Previous studies of the Miocene history of the southwest African upwelling system have shown that 

the initiation of high productivity off Namibia started about 10 Ma ago (Siesser, 1980). From that time on, 

the Benguela Current and hence the upwelling zone migrated progressively northward during the late 

Miocene and Pliocene (Diester-Haass et al., 1990, 1992). In the interval between 10.0 Ma to 5.4 Ma, 

upwelling was stronger during glacial periods over Walvis Ridge, whereas in interglacials it was weaker 

because the Benguela Current turned to the West within the Cape Basin and did not reach Walvis Ridge. 

These earlier interpretations of the Benguela oceanic upwelling system, however, were drawn from only 

one location (DSDP Site 362/532) on Walvis Ridge (Bolli et al., 1978; Hay et al., 1984; Hay and Brock, 

1992). In a recent paper, Diester-Haass et al. (2004) summarized some sedimentological results of three 

sites (ODP Sites 1085, 1086, and 1087) drilled along the continental slope off SW Africa. These authors 

proposed an increase in paleoproductivity, reflected by an increase in organic carbon accumulation and 

benthic foraminiferal production at about 11.5 Ma. However, even this earlier date of Benguela upwelling 

intitiation occurs more than 2 mio. years after the Middle Miocene Antarctic glaciation, and is therefore 
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far behind the assumed intensification of the Antarctic Circumpolar Current, which goes along with the 

downwelling of subantarctic mode waters (Pagani et al. 2000, Shevenell et al. 2004). The climatic cooling 

on Antarctica should have increased latitudinal temperature gradients and thereby strengthened oceanic 

fronts and promoted intermediate water production. The rate at which this water is produced and 

propagates northwards, controls the depth of the pycnocline and thus the amount of nutrients that 

reaches the surface in the Benguela upwelling area. Thus, if the Benguela Upwelling is fed by mixing 

with underlying intermediate water of subantarctic origin (Lutjeharms and Valentine, 1987; Sarmiento et 

al., 2004), there should be a close link between Middle Miocene climate cooling and Southeast Atlantic 

productivity. This topic will be adressed in the presented study. 

 

 

2. MATERIAL AND METHODS 

 

2.1 Site information and chronology 

ODP Site 1085 (29° 22.5’S, 13° 59.4’E) is located on the continental slope of southwest Africa in a 

modern water depth of 1725 m. In the studied core interval (374 through 580 rmcd, 7.1 to 13.9 Ma) the 

sediments are dominated by nannofossil ooze, diluted by various amounts of terrigenous silt and clay 

delivered by the nearby Oranje River (Wefer et al., 1998). Apart from some intervals affected by 

dissolution the preservation of planktonic foraminifers is extremely good. The preliminary shipboard age 

model for the Miocene section of site 1085 based on biostratigraphy (Wefer et al., 1998) was improved by 

orbital tuning of a high resolution composite XRF-Fe intensity record of ODP Site 1085 to an astronomical 

target curve (Vidal et al., 2002; Westerhold et al., 2005). Sedimentation rates vary between 15 and 80 

m/Myr. The sediment sequence was sampled at varying increments between 10 and 50 cm to yield a 

temporal resolution of better than 5 ky between 11.5 and 8.5 Ma, and of at least 25 ky below and above. 

 

Fig. 1. Location of 
ODP sites 1085 
and 1092. Gray 
shading represents 
areas shallower 
than 3000 m. 
Position of fronts 
and surface 
currents are given 
after Peterson and 
Stramma (1991). 
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2.2. Faunal analysis  

For the faunal analysis the >150-µm size fraction of each 10 cm3 sediment sample was split to 

subsamples of approximately 300 planktonic individuals. The preservational status of planktonic 

foraminifers is expressed by a fragmentation index, i.e. the number of shell fragments divided by the sum 

of intact foraminfer shells and the number of test fragments. Planktonic foraminifer species were 

determined following the taxonomy of Kennett and Srinivasan (1983). However, we introduced some 

modifications to their taxonomic concept. The subgenus Zeaglobigerina of the Globigerina genus suggested 

by Kennett and Srinivasan (1983) was subdivided into two groups combining species with a similar 

palaeocological significance: the Globigerina (Zeaglobigerina) woodi group comprises individuals that either 

have a high arched aperture (Z. woodi sensu stricto) or a wide circular aperture (Z. apertura sensu stricto). 

Srinivasan and Kennett (1981) found close phylogenetic relationship among these two species. The 

Globigerina (Zeaglobigerina) nepenthes group comprises individuals with either a protruding last chamber 

(Z. nepenthes sensu stricto) or a small apertual lip (Z. druryi sensu stricto). 

The two morphotypes of the G. sacculifer plexus (G. trilobus and G. quadrilobatus) delineated by Kennett 

and Srinivasan (1983) are considered ecophenotypes of G. sacculifer in concordance with Chaisson (1995) 

and Hemleben et al. (1989). 

All Globigerinids that either could not be identified unequivocally as G. bulloides, or rare individuals 

of G. falconensis and G. angustiumbilicata were grouped to Globigerina spp. 

In general, we grouped the foraminifer species according to their paleoclimatic significance following 

observations of Bé and Tolderlund (1971), Giraudeau (1993) and Niebler and Gersonde (1998) for recent 

species in the South Atlantic. Extinct species were grouped into the same order by assuming similar 

ecological demands as their modern descendants using the evolutionary concepts of Srinivasan and 

Kennett (1981) and Kennett and Srinivasan (1983). 

 

2.3. Stable isotope analysis 

For stable carbon and oxygen isotope measurements, specimens of selected planktonic foraminfer 

species were picked from the largest size fraction available consistently throughout the core. G. conoidea 

and G. trilobus were picked from the 250-355µm size fraction. G. bulloides, which showed an increasing 

trend in shell size downcore, was picked from the 200-250µm (7.1 to 10.0 Ma) and from the 212-300µm 

(10.0 to 11.3 Ma) size fraction. 

Globigerina bulloides (d`Orbigny) is a spinose, non-symbiotic species (Hemleben et al., 1989) commonly 

used in paleoceanographic studies of temperate, subpolar and upwelling environments (Sautter and 

Thunell, 1991; Ganssen and Kroon, 2000). G. bulloides is found to dwell preferentially in the upper 50 m of 

the water column in the modern South Atlantic (Niebler, 1995; Niebler et al., 1999; Kemle-von Mücke and 

Oberhänsli, 1999). Ganssen and Kroon (2000) found G. bulloides to record the spring temperatures and to 
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trace the time of the spring bloom across the northeast Atlantic. G. bulloides traces surface waters that are 

enriched in nutrients in the central and southeast Atlantic (Kemle-von Mücke and Oberhänsli, 1999). 

Ganssen and Kroon (2000) report on a high positive correlation of δ13C of G. bulloides with the surface 

water nutrient concentration in the northeast Atlantic. However, in upwelling environments it shows 

decreasing values with increasing nutrient content and enhanced primary productivity (Ganssen, 1983; 

Kroon and Ganssen, 1988). G. bulloides secrets its shell much too light with respect to δ13C of ΣCO2 of sea 

water due to metabolic effects (Berger et al., 1978; Ganssen, 1983), and shows a strong dependance of the 

carbon isotope ratio on the shell size (Niebler, 1995). 

Globorotalia conoidea (Walters) is a representative of the Globoconella series, a major lineage in temperate 

areas (Kennett and Srinivasan, 1983). The modern descendant of this lineage, Globorotalia inflata is a 

common thermocline-dwelling species of the subantarctic to warm subtropical areas (Niebler et al., 1999 

and references therein). Norris et al. (1994) found G. conoidea to occupy thermocline habitats in the South 

Atlantic since the Early Miocene. In general, adult globorotaliids are close to δ13C equilibrium, though 

departure from it may occur in juveniles (Norris et al., 1994). 

Globigerinoides trilobus (Reuss) is regarded as an ecophenotype of Globigerinoides sacculifer (Brady), one 

of the most investigated and most frequently used planktonic foraminifer species to record the mixed 

layer signal of tropical and subtropical climates (Hemleben et al., 1989). Analysis of the evolution of this 

species implies its shallow habitat since the early Miocene (Pearson et al., 1997). Investigations of Mulitza 

et al. (1999) suggest strong dependance of the recorded δ13C on shell size due to increasing symbiont 

density with increasing chamber irradiance. 

Between 6 and 10 specimens of the planktonic species were analyzed for carbon and oxygen isotope 

composition using Finnigan MAT 252 micro-mass spectrometer coupled with a Finnigan automated 

carbonate device at the University of Bremen. The carbonate was reacted with orthophosphoric acid at 75 

°C. The reproductibility of the measurements, as referred to an internal carbonate standard in each 

laboratory, is better than ±0.07‰ for oxygen isotopes and ±0.05‰ for carbon isotopes, respectively. The 

conversion to the Pee Dee Belemnite scale was performed by using the international standard NIST 19. 

 

2.4. Correcting for disequilibrium fractionation 

While G. bulloides tends to secrete its shell at equilibrium with ambient seawater δ18O or slightly above 

(Niebler et al., 1999 and references therein), G. sacculifer presumably records a δ18O signal below 

equilibrium (Farrell et al., 1995 and references therein). δ18O measurements from identical samples 

yielded an offset of 0.25 ‰ between G. bulloides and G. sacculifer, with G. sacculifer recording relatively 

lighter values. δ18O measurements of G. bulloides and G. sacculifer from surface sediment samples from the 

eastern Cape basin showed a larger offset of about 1 ‰ when the corresponding size fractions are used 

(Niebler, 1995). However, while G. bulloides reflects calculated seawater δ18O in 50 m water depth, G. 
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sacculifer shows a large negative offset (~0.8 ‰) as compared to calculated surface water δ18O (Niebler, 

1995). Therefore, we adjusted the δ18O record of G. sacculifer to the record of G. bulloides by adding a 

constant of 0.25 ‰. 

Also for δ13C, a constant of -0.4‰ was added to correct for disequilibrium fractionation of G. trilobus 

(Spero and Lea, 1993). δ13C of G. bulloides, in turn is offset to the measured δ13C of G. trilobus by -1.57 ‰ 

and by -1.07 ‰ for the 200-250µm and 212-300µm fractions, respectively. Therefore, we added a constant 

of 1.97 ‰ and 1.47 ‰ to the 200-250µm and 212-300µm fractions, respectively, to correct for the 

interspecific and disequilibrium offsets. Comparison to modern values from the eastern Cape basin 

confirms both a large negative offset of G. bulloides (~2.2 ‰ of the size fraction corresponding to 212-300 

µm) and G. sacculifer (~0.8 ‰ of the corresponding size fraction) from measured δ13C of surface water 

ΣCO2 (Niebler, 1995). Thus both the single offsets and the inter-specific offset (~1.4 ‰) are larger than 

those considered here. 

 

 

3. RESULTS 

 

3.1. Faunal analysis 

The relative abundance of 12 planktonic foraminifer species and species groups at Site 1085 are 

presented in Fig. 2. Several drastic changes in the faunal compositions can be observed in the studied 

interval. From 13.9 to 12.3 Ma faunas are dominated by temperate species G. challengeri and some 

subtropical to tropical species, mainly Z. nepenthes group, G. dehiscens, and G. sacculifer. After 12.3 Ma a 

first change in faunal composition occurs. The species G. challengeri vanishes to the advantage of a warm 

temperate foraminifer assemblage consisting of the Z. woodi group and O. universa. The Z. woodi group 

becomes clearly dominant between 12.4 and 11.7 Ma, total abundances peak between 12.0 and 11.8 Ma. 

At 11.5 Ma the faunal composition exhibits a second change. The proportion of temperate to subtropical 

species is reduced to the advantage of subtropical and tropical species like the Z. nepenthes group, G. 

menardii and G. sacculifer. Only the temperate species G. conoidea remains a main component of the 

assemblage for the rest of the observed interval. The faunal change at 11.5 Ma is accompanied by a drastic 

and sustained drop in planktonic foraminfer absolute abundances, which fluctuate in a relatively narrow 

range between about 1,000 and 13,000 individuals until the end of the studied interval at 7.2 Ma. After 

11.3 and 11.0 Ma G. bulloides as a subpolar species and N. pachyderma (s) as a polar species contribute 

significantly to the fauna. The relative proportion of N. pachyderma (s) increases steadily for the late 

Miocene interval. This trend toward cooler climate conditions is corroborated by the ultimate demise of 

the subtropical G. dehiscens around 10.2 Ma, and the tropical species G. sacculifer around 9.3 Ma. 

 



Chapter 2 - Benguela upwelling and global cooling in the middle to late Miocene 

 47

 

 
Fig. 2. Upper panel: Faunal analysis of ODP site 1085: Relative abundances of selected planktonic species and species 
groups in order of their paleoclimatological significance representing successively cooler conditions from top to 
bottom. Note that y-axes differ between 20, 60, and 100 %. Lower panel: Abundance, flux, and fragmentation of 
planktonic foraminifers at ODP site 1085. 
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However, from 11.2 to 10.5 Ma tropical species reach peak values, indicating an interval of tropical 

conditions. Flux rates of planktonic foraminifers vary drastically across the observed interval (Fig. 2). 

Foraminiferal flux is generally much higher before 11.5 Ma than afterwards. Two periods of notably 

different flux patterns can clearly be divided. Before 11.5 Ma flux rates are relatively high, reaching up to 

more than 20,000 individuals per cm2 and kyr. After 11.5 Ma, the values clearly decrease and are further 

reduced to low and relatively uniform levels between 10.0 and 8.0 Ma, after which time they increase 

again to reach peak values at 7.25 Ma.  

 

3.2. Oxygen isotopes 

Oxygen isotope ratios of mixed layer species G. sacculifer and G. bulloides were measured for the time 

interval 13.8 and 9.2 Ma and 11.3 to 7.1 Ma, respectively. The record of the thermocline dweller G. 

conoidea covers the range from 13.8 to 7.1 Ma (Fig. 3). Shallow dwellers G. bulloides and G. sacculifer show 

δ18O values that fluctuate between about -0.2 and 0.7 ‰ (25 kyr-mean) and -0.5 and 0.9 ‰, respectively. 

Deeper dweller G. conoidea δ18O values range between about 0.5 and 1.7 ‰. Oxygen isotope events Mi-3 

(13.82 Ma), Mi-4 (13.15 Ma), Mi-5 (11.63 Ma), and Mi-6 (10.48 Ma; ages from Westerhold et al. 2005) are 

well recognizable in the δ18O records of G. conoidea and G. bulloides. The much lower temporal resolution 

of the G. trilobus record hampers clear assignments of discrete δ18O events Mi-3 through Mi-6. However, 

while Mi-3 and Mi-5 can be associated to δ18O maxima, Mi-4 is clearly associated to a δ18O minimum, 

contributing to an enhanced surface to deep gradient during this event. Mi-6 can not be discerned in the 

G. trilobus record due to low resolution. 

In general, shallow to deep δ18O gradients between G. conoidea and G. trilobus exhibit a long-term 

increasing trend from 13.8 through ~11.6 Ma (Fig. 3), which is interrupted by two sharp declines from 

12.30 to 12.15 Ma and at around 11.85 Ma. Between Mi-5 (11.63 Ma) and Mi-6 (10.48 Ma) the gradient 

varies between 0.3 and 1.5 ‰ mainly attributed to the high δ18O variability of the shallow dweller G. 

trilobus. The shallow-to-deep gradient between G. conoidea and G. bulloides varies between about 0.4 and 

1.2 ‰ (25-kyr mean). Between 11.2 and 10.6 Ma, these species exhibit a clearly increasing trend from 0.4 

to 1.2 ‰. After an interval of relatively low δ18O of the mixed layer species and high surface-to-deep δ18O 

gradients prevailed from 11.15 to 10.65 Ma, a long term increase of mixed layer δ18O starts, that 

culminates in heaviest values and weakest thermal stratification at 9.65 Ma. After that, shallow dweller 

δ18O decreases by about 0.7 ‰ until 9.5 Ma. For the remaining interval shallow to deep gradients oscillate 

around 1.0 ‰. 
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Fig. 3. Oxygen and carbon isotope records of ODP site 1085. Thermocline dwelling G. conoidea and the two shallow 
dwelling species G. bulloides and G. trilobus (bold black line with circles) are presented in each graph. High resolution 
records are presented with 25 kyr-mean (thin black lines). G. trilobus δ18O and δ13C records and G. bulloides δ18O 
records have been corrected for assumed disequilibrium fractionation. The small panels above the records represent 
the isotope gradients between shallow and deep dwelling foraminifers (25 kyr-mean). 
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3.3. Carbon isotopes 

Shallow dwellers G. bulloides and G. sacculifer show δ13C values that fluctuate between 1.5 and 3.1 ‰ 

(25 kyr-mean) and 1.6 and 3.6 ‰, respectively. Deeper dweller G. conoidea δ13C ranges between 0.9 and 

3.0 ‰ (25 kyr-mean). Carbon isotope records of planktonic foraminfer species G. conoidea and G. trilobus 

covary to a high extent. The common long term decrease from 13.8 to 11.1 Ma of the δ13C of both species 

reflects the general trend of the global benthic δ13C record (Zachos et al., 2001) and of some planktonic 

δ13C records of the North Atlantic, the South Atlantic, and the Pacific (Vincent and Berger, 1985; Flower 

and Kennett, 1993; Ennyu et al., 2002). Carbon isotope maxima at 13.6 and 11.2 Ma most likely reflect the 

global excursions CM-6 and CM-7 (Woodruff and Savin, 1991; Shevenell and Kennett, 2004). Similar to G. 

trilobus, G. bulloides shows a notably higher amplitude compared to G. conoidea. Only a moderate 

correlation exists between these two species. In fact, some features visible in the overlapping records of G. 

bulloides and G. trilobus are pronounced stronger in the G. bulloides record, especially the large positive 

δ13C excursion from 9.8 to 9.6 Ma. From 8.5 to 7.1 Ma, δ13C of G. bulloides decreases by some 1.5 ‰, the 

decline in δ13C of G. conoidea already starts at 8.7 Ma, but is less well pronounced. This reflects the late 

Miocene global carbon shift (e.g. Tedford and Kelly, 2004). 

 

 

4. DISCUSSION 

 

4.1. Middle Miocene cooling and SE Atlantic surface ocean stratification 

The oxygen isotopic composition of foraminifers is controlled by the temperature during calcification 

and by seawater δ18O, which in turn is controlled by global ice volume and changes in evaporation and 

precipitation at the sea surface. The difference between δ18O of two foraminiferal species of a given 

sample can be interpreted as the temperature difference between their depths of habitat, given no change 

in salinity (e.g. Chaisson and Ravelo, 2000). Consequently, the δ18O gradient between mixed layer and 

thermocline dwelling species is a measure of the thermal contrast of the surface ocean. 

Along with the middle Miocene climate cooling as reflected in oxygen istope events Mi-3 and Mi-4, a 

~0.6 ‰ increase of this gradient across this interval implies a long-term increase of the temperature 

contrast of the upper ocean. This increase is mainly controlled by the decreasing δ18O of the mixed layer 

dwelling G. trilobus during Mi-4. As isotopic event Mi-4 implies a major ice-volume component (Billups 

and Schrag, 2002), the absence of an increasing trend in the shallow water δ18O signal hints to surface 

water warming across Mi-4, which balances the δ18O increase comprised by the ice volume increase. This 

is supported by increasing proportions of the warm water species of the Z. nepenthes group across that 

interval (Fig. 2). Furthermore, the relative abundance of the deeper dwelling temperate species G. 

challengeri increases significantly across the interval characterized by Mi-3 and Mi-4. It reaches a 
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maximum proportion of 58 % of the assemblage at 13.18 Ma, replacing the subtropical deep dweller G. 

dehiscens. This also hints to a relative cooling of the thermocline and hence to the development of a 

thermal contrast between mixed layer and thermocline depth. 

However, although many studies of Southern Ocean sites provide indications of a strengthening of 

the Antarctic Circumpolar Current (ACC) and the development of subantarctic ocean fronts between 14.0 

and 13.2 Ma (e.g., Shevenell et al. 2004, Paulsen et al. 2005 subm.), there is no indication for an enhanced 

productivity along the Benguela oceanic front during that time interval. The mass accumulation rate of 

organic carbon, benthic foraminifer fluxes as well as the relative abundance of G. bulloides (Fig.4), which 

commonly serve as productivity indicators, do not show significant changes between 13.1 and 11.6 Ma, 

except for a small perturbance at 12.3 Ma. 

At that time, a sharp 0.9 ‰ increase in mixed layer δ18O accompanied by a major change in the faunal 

assemblage, with the contribution of thermocline dwelling foraminifers (G. challengeri, G. conoidea, and G. 

dehiscens) and surface dwelling G. sacculifer being reduced to the advantage of the Z. nepenthes group, Z. 

woodi, and O. universa (Fig. 2). Species of the genus Zeaglobigerina are assumed to dwell in an intermediate 

water depth (Keller, 1985; Chaisson, 1995) which indicates a change in the structure of the upper water 

column. Therefore, the faunal shift at 12.3 Ma suggests reduced stratification of the upper ocean, which is 

further supported by lowest surface to deep δ18O gradients at this time. Several proxies suggest a change 

in deep water conditions during the interval 12.50 to 12.25 Ma: strong reduction in the flux of planktonic 

foraminifers (Fig. 4), sand contents, and carbonate contents (Twichell et al., 2002) as well as increased 

fragmentation of planktonic foraminifers (Fig. 2) hint to enhanced dissolution. At the same time a first 

spike of pyrite content is visible, suggesting reducing bottom water conditions. Relative proportions of G. 

bulloides, indicative of enhanced productivity are slightly raised during that interval, and δ13C of G. 

sacculifer increases by more than 1 ‰ from 12.42 to 12.34 Ma, most probably indicating the formation of 

organic matter in the photic zone. These proxies could give an indication of a first increase of surface 

water productivity at around 12.3 Ma, but afterwards most parameters indicate the return to low 

productivity conditions. 

 

4.2. The initiation of Benguela upwelling 

Strongest changes in faunal assemblages, isotope geochemistry and sedimentary parameters at Site 

1085 occur between 11.6 and 10.4 Ma, which is the interval between Mi-5 and Mi-6 (Fig. 4). During this 

interval, mass accumulation rates of organic carbon increase, and G. bulloides shows enhanced relative 

abundances of up to 22 %. At the same time the overall flux of planktonic foraminifers significantly 

drops, indicating a drastic change in plankton carbonate productivity, which is balanced by an increase in 

coccolith flux (Krammer et al., 2005). In general, coccoliths represent the main part of the biogenic calcite 

at Site 1085. 
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The period of enhanced carbonate accumulation covaries with maximum accumulation rates of 

nannofossil carbonate of 2-4 g/(cm2 * kyr) (Krammer et al., 2005). On top of that, a fundamental change in 

the composition of the foraminiferal faunas occurs at ~11.5 Ma. Before that time, faunas are dominated by 

species of the genus Zeaglobigerina, possesing compact and thick-walled tests, that appear to be relatively 

robust and hence less prone to dissolution compared to species dominating the fauna after 11.5 Ma. 

However, the decrease in total flux rates of planktonic foraminifers at 11.5 Ma might partly be due to 

enhanced dissolution, as visible from the fragmentation index (Fig. 2). Increased accumulation of organic 

carbon and increased pyrite content of the sediment (Diester-Haass et al., 2004) suggests the 

establishment of a pronounced oxygen minimum zone as a consequence of enhanced organic matter 

supply and respiration from 11.6 Ma on. The organic matter degradation might have also induced 

supralysoclinal carbonate dissolution (e.g., Emerson and Bender 1981). All these observations call for the 

inititation of the Benguela oceanic upwelling, beginning at 11.6 Ma with a transitional period until 10.4 

Ma. Afterwards, continuosly high values in most of these productivity proxies indicate an enhanced 

upwelling during the late Miocene interval studied. 

Enhanced productivity starting at 11.6 Ma might be also deduced from enhanced mixed layer δ13C and 

mixed layer to thermocline δ13C gradients (Fig. 3). Beside a large secular change in δ13C of G. bulloides and 

G. conoidea, which can be attributed to global changes in the δ13C value of the global ocean DIC (e.g., 

Zachos et al. 2001), the increase of mixed layer δ13C relative to that of the thermocline level indicate an 

enhanced carbon cycling between the photic zone and the subsurface ocean, which could be interpreted 

as a more effective work of the biological pump (e.g., Ganssen and Kroon, 2000). 

 

 

 

 

 

 

Fig. 4. Upper panel: Comparison of the planktonic δ18O records to the benthic δ18O record represented by Cibicidoides 
spp. (corrected for disequilibrium fractionation by adding 0.64 ‰) (Westerhold et al., 2005). The global composite 
record of Zachos et al. (2001) is given for comparison (bold gray line). All records are presented as 25 kyr-mean. 
Thermocline to deep water isotopic gradient (δ18O thermocline - δ18O benthic) is shown on top of the panel. The >1.0 
‰ increase in benthic to thermocline δ18O from 11.75 to 11.25 Ma can be attributed solely to an increasing 
temperature gradient between deep and thermocline water. Lower panels: Relative contribution of G. menardii 
indicative of influx of Indian Ocean surface water to the southeast Atlantic; relative contribution of G. bulloides, 
indicative of enhanced surface water productivity; relative contribution of sinistrally coiled N. pachyerma indicative of 
strongly enhanced surface water productivity; flux of planktonic foraminifers; flux of benthic foraminifers; TOC 
content (scale to the left, Twichell et al., 2002), and mass accumulation rate of TOC (scale to the right, after 
Westerhold (unpublished data)); weight percent of pyrite (Diester-Haass et al., 2004). Shading denotes the gradual 
establishment of coastal upwelling: no upwelling (no shading), transitional phase (light gray shading), upwelling in 
operation (dark gray shading). Occurence and timing of additional Mi-events Mi-x and Mi-7 from Paulsen et al. (in 
prep.). 
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Several observations hint to the role of subantarctic influences as a cause for the intitiation of the 

Benguela oceanic upwelling at 11.6 Ma. First of all, the appearance of N. pachyderma (s) as an indicator for 

polar surface waters. This species occurs at 11.5 Ma for the first time at the location of Site 1085, and 

becomes more abundant from 11.0 Ma on exhibiting high percentages (up to 45% at 7.8 Ma) throughout 

the late Miocene. N. pachyderma (s) today occurs in places of most intense upwelling off Namibia 

(Giraudeau, 1993; Little et al., 1997), which might corroborate the hypothesis of Sarmiento et al. (2004), 

that the upwelling in the Southeast Atlantic is indeed fed by the advection of nutrient-enriched 

subantarctic mode water. This idea is further supported by the increase in the abundance of C. pelagicus, a 

subpolar to polar coccolithophorid species, from 11.5 Ma on, which then - together with C. leptoporus as 

an indicator of more temperate surface waters - contributes more than 50 % of the late Miocene fine 

fraction carbonate at Site 1085 (Krammer et al., 2005). 

Another indicator for the change in southeast Atlantic hydrographic conditions is seen in the increase 

of the benthic δ18O. This increase in δ18O measured in species of the genus Cibicidoides already starts 

during the maximum of the Antarctic glaciation event Mi-5 at 11.6 Ma, and increases well until 10.4 Ma. It 

is most probably explained by an additional cooling of deep waters (~ 1700 m) at Site 1085, since it clearly 

deviates from the globally compiled benthic δ18O record of Zachos et al. (2001) towards values higher by 

0.5‰. After 10.4 Ma, the benthic δ18O values at Site 1085 remain at a higher level throughout the late 

Miocene interval studied. This might hint to an enhanced influence of subantarctic mode water on the 

Benguela upwelling system. 

It is interesting to notice that Mi-5 as one of the Antarctic glaciation events might have triggered this 

change in Southeast Atlantic circulation and hence Benguela upwelling. According to δ18Oseawater 

reconstructions from paired benthic δ18O and Mg/Ca measurements it is evident that Mi-5 was associated 

with a large drop in sealevel at the order of 80 m or more (Billups and Schrag 2002), which can be also 

obtained from the distinct sequence boundary TB3.1 of the Haq et al. (1987) sealevel curve. Such a major 

glaciation event must have changed the circumantarctic hydrography, which then initiated the formation 

and spreading of nutrient-rich intermediate waters into the South Atlantic.  

 

4.3 Warm water influence of the Indian Ocean 

One of the most remarkable features of the faunal assemblage is the occurence of G. menardii, which 

show enhanced relative abundances between 11.3 and 10.5 Ma, with peak values at 10.7 Ma (17.0 %) and 

11.2 Ma (18.3 %), respectively. These peaks come along with relatively light δ18O of mixed layer 

foraminifers, suggesting warm surface waters at these times, possibly indicating the inflow of warm 

Indian Ocean water. This is also implied by mixed layer to thermocline (G. conoidea – G. bulloides) thermal 

contrasts that increase by more than 0.9 ‰ (>3.6 °C) from 11.23 to 10.65 Ma. Today Indian Ocean derived 

water leaks into the Atlantic Ocean via the Agulhas system through a corridor between the southern tip 
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of Africa and the Subtropical Front (SF). An enhanced Agulhas leakage requires a SF to be located south 

of the Cape of Good Hope. Therefore, the short-term occurence of G. menardii could imply that the SF was 

intermittently positioned south of the African continent from 11.3 to 10.5 Ma. On the contrary, when the 

SF is located at lower latitudes, the advection of warm surface waters from the Indian Ocean into the 

South Atlantic via the Agulhas current system should be strongly reduced, and colder subpolar waters 

could be advected into the Benguela Current (McIntyre et al., 1989). This mode was in operation during 

glacial periods of the Pleistocene (Peeters et al., 2004). 

After the second peak abundance of G. menardii at 10.68 Ma, this species vanishes from the fauna for 

the rest of the observed interval. From then on, δ18O values of the mixed layer increase until 10.45 Ma 

(Mi-6) by 0.7 ‰, and the thermal stratification of the upper ocean is reduced. At the same time tropical 

species like G. sacculifer decline and temperate to subpolar G. bulloides increase significantly (Fig. 2). This 

could imply an enhanced flux of temperate to subantarctic surface waters to the Benguela region during 

the late Miocene. 

The interval containing G. menardii is anticipated by a long-term 1.0 ‰ decrease in thermocline δ18O 

starting from 11.75 to 11.23 Ma (Fig. 3) suggesting a ~525 kyrs period of thermocline warming. Today 

Agulhas leakage is the most energetic component of the warm water route along the major return flow 

within global thermohaline circulation (Gordon, 1986). It is fueled by the Agulhas current with 80 % of its 

volume transport occuring in the upper 1000 m of the water column. A characteristic imprint of the 

modern Agulhas system is its high nutrient levels derived from the Indian Ocean. A pronounced δ13C 

decrease of thermocline dwelling G. conoidea can be observed concomitantly to thermocline warming (Fig. 

3), potentially indicating enhancing nutrient levels of thermocline waters. This would offer another 

source of nutrient-rich subsurface waters for the incipient Benguela upwelling system. 

 

4.4 Southeast Atlantic to subantarctic surface ocean gradients 

To better constrain the influence of the subpolar water masses on the Benguela upwelling, we 

compare the faunal and isotope records of ODP Site 1085 to corresponding records of ODP Site 1092 from 

Meteor Rise located in the Atlantic sector of the Southern Ocean (46° 24.7’S, 7° 4.8’E) in a modern water 

depth of 1985 m (Paulsen et al., 2005 subm.). Fig. 5 compiles some of the important parameters for surface 

ocean stratification and foraminifer carbonate production at both sites in the interval between 14.5 and 7.0 

Ma. From the mixed-layer-to-thermocline gradients in δ18O and δ13C it is evident that also at the 

subantarctic Site 1092 the strongest change in surface water hydrography occurs along with the middle 

Miocene Antarctic glaciation between 14.0 and 13.2 Ma, when increasing values in both parameters 

indicate the development of a stratified upper-ocean around Antarctica. The concomitant decrease in the 

relative abundance of G. miozea indicating relatively warm water as well as the increase in the percentage 

of G. bulloides call for a rapid development of the circumpolar ocean fronts and an associated increase in 
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upwelling along the subantarctic oceanic fronts. These conditions prevail until about 11.3 Ma, except for 

two large perturbances at about 12.7 and 12.3 Ma, when decreasing percentages of G. bulloides at Site 1092 

indicate a twofold drastic reduction in surface ocean productivity. This drop in the subantarctic 

upwelling is also indicated by smaller ∆δ13C gradients between the shallow and deep-dwelling 

planktonic foraminifers G. bulloides and G. scitula, which might be interpreted to reflect a less effective 

biological pump in the subantarctic realm at that time. As noted above (see 4.2), at least at the time of the 

second event around 12.3 Ma, Site 1085 faunal and geochemical parameters exhibit a short-term increase 

in productivity off Namibia, which has been interpreted as a first pulse in upwelling along the Benguela 

oceanic front. Furthermore, during the time interval of largest changes of faunal assemblages, isotope 

geochemistry and sedimentary parameters at Site 1085 between 11.6 and 10.4 Ma, a first drastic drop in 

the relative abundance of G. bulloides, an increase in the abundance of planktonic foraminiferal 

abundance, and a first significant increase in opal accumulation at Site 1092 (Diekmann et al., 2003) might 

indicate a correspondance in the nutrient distribution and consumption between these two South Atlantic 

 
 
Fig. 5. Comparison of 
parameters for surface ocean 
stratification and foraminifer 
composition and abundance 
at ODP site 1085 (bold gray 
lines) compared to ODP site 
1092 (subantarctic South 
Atlantic) (thin black lines). a. 
Surface to deep δ18O 
gradient. b. surface to deep 
δ13C gradient. c. Relative 
proportion of G. bulloides. d. 
Relative proportion of G. 
miozea at ODP 1092 
indicating unusually warm 
surface water conditions and 
of G. menardii at ODP 1085 
indicating warm water 
invading from the Indian 
Ocean. e. Abundance of 
planktonic foraminifers. Note 
that ODP 1085 data refers to 
the scale on the right on 
panels c to e. 
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areas, but in an anticorrelated way: High percentages of G. bulloides at the Benguela Site 1085 occur at 

times of low percentages at subantarctic Site 1092, low abundances of planktonic foraminifers at 1085 

correspond to high percentages at 1092. Furthermore, while the ∆δ13C mixed-layer to thermocline 

gradient at Site 1085 indicates an increasing efficiency in the use of nutrients and hence upwelling 

intensity between 10.4 and 7.3 Ma, the corresponding gradients at subantarctic Site 1092 are decreasing 

slowly, which might be interpreted as a less effective work of the biological pump. If the hypothesis of 

Sarmiento et al. (2004) holds, that claims that upwelling is fed by nutrient advection of mode water 

formed in the circumantarctic realm, then a less effective nutrient consumption in the subantarctic realm 

should lead to higher concentrations of nutrients brought to the Benguela upwelling system by 

subantarctic intermediate waters. Of course, there are many mismatches of the corresponding proxies at 

both sites at shorter timescales, which might be related to the inaccuratenesses of the middle to late 

Miocene chronologies of the two sites. But on a million year scale, the observed anticorrelation in the 

cited parameters for surface ocean stratification and productivity seems to be significant. The most 

striking correlation between the two locations is the record of the warm water pulse between 11.3 and 

10.5 Ma. The peak abundances of G. menardii in Site 1085, which have been interpreted to result from a 

short-term warm water invasion from the Indian Ocean, correspond well to the peak in the re-occurrence 

of G. miozea at Site 1092, which also here is interpreted to indicate a short-term advection of warm water 

to the subantarctic realm. This warm water event between Antarctic glaciation events Mi-5 and Mi-6 calls 

for a large perturbance in the stability of circumantarctic ocean fronts and surface ocean stratification, 

which obviously set the stage for the observed changes in biogenic sedimentation at 1092, but also for the 

initiation of the Benguela oceanic upwelling. This kind of teleconnection in the nutrient transfer is also 

cited as the most important driver for the Matuyama opal maximum, described in early Pliocene 

sediments of Site 1084 in the central coastal upwelling off Namibia (Lange et al., 1999), as well as in the 

Pliocene upwelling seasaw between the high productivity regions off NW Africa and off Namibia which 

has been concluded from the results of modelling experiments of the Atlantic Ocean circulation by 

Prange and Schulz (2004). It confirms the hypothesis of Sarmiento et al. (2004) that nutrient advection 

from the subantarctic region plays an important role for high productivity in the SE Atlantic, which is 

evident from the history of the Benguela oceanic upwelling in the middle to late Miocene. 
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5. CONCLUSIONS 

 

The concomitance of deep water cooling at ODP site 1085 and the initiation and subsequent 

strengthening of upwelling activity between δ18O events Mi-5 and Mi-6 (~ 11.6-10.5 Ma) suggests a causal 

relationship between the two. Advection of nutrient-rich subsurface waters off southwest Africa that 

stem from the subantarctic surface ocean, the mechanism proposed by Sarmiento et al. (2004), offer a 

plausible explanation. The strong response of the δ18O of the thermocline dwelling species as compared to 

the mixed-layer species to Antarctic glaciation events Mi-3 through Mi-6 hints to a possible link between 

the subantarctic realm and the thermocline waters off southwest Africa. 

Obviously, cooling event Mi-5 (~11.6 Ma), that comes along with the strongest increase in thermocline 

δ18O, set the stage for a major change in upper-ocean structure in the Benguela region. The role of 

changing upper-ocean nutrient inventories, implied by changing δ13C values in planktonic foraminifers 

between Mi-5 and Mi-6, needs further evaluation. Also the possible role of upper ocean waters derived 

from the Indian Ocean through Agulhas leakage for productivity changes in the southeast Atlantic 

requires further investigation. 
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ABSTRACT 

The upper ocean hydrography of the subantarctic South Atlantic is reconstructed during an interval of 

global cooling in the Middle to Late Miocene (~14-7 Ma) using high-resolution multi-species planktonic 

foraminifer oxygen and carbon isotope records together with faunal analyses of planktonic foraminifers. 

ODP site 1092 (46° 24.7’S, 7° 4.8’E, 1985 mbsl) in the modern Polar Frontal Zone (PFZ) of the Atlantic 

sector of the Southern Ocean is ideally suited to record past fluctuations of the PFZ and related changes 

in upper-ocean hydrography. The record covers globally recorded δ18O events Mi-3 through Mi-7 (~ 14-9 

Ma), that are associated to ice accumulation on Antarctica. Isotopic event Mi-3 (~ 13.8 Ma) brought about 

distinct cooling of the upper ocean and increased planktonic surface to deep stable isotope gradients to 

maximum values. Relatively stable conditions prevailed in the aftermath of this cooling event until ~ 10.8 

Ma, when a major climatic turnover is indicated by a ~ 100,000 year long warm event, that sets the stage 

for profound changes in faunal composition and carbonate preservation. Since ~ 10.3 Ma, a distinct 

fluctuation in surface water characteristics across ODP site 1092 is recorded by foraminiferal faunas, 

shifting repeatedly between polar and subpolar assemblages, as well as repeated drawdowns in the 

thermal contrasts (surface to deep planktonic δ18O) of the upper ocean. This evolution suggests 

hydrographic conditions close to the modern PFZ during the upper Late Miocene (~ 9.0-7.5 Ma). 

However, δ13C records imply surface ocean nutrient characteristics quite different from the modern ones 

in the subantarctic South Atlantic. ODP site 1092 was positioned south of the Subtropical Front 

throughout the entire interval studied. 
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1. INTRODUCTION 

 

The middle Miocene climate cooling was a major step in the Cenozoic climate evolution (Zachos et al. 

2001). The increase in the oxygen isotopic composition measured in deep-sea benthic foraminifer shells 

describes a combination of Antarctic ice growth and global cooling around 14 Ma, which is also indicated 

by the occurrence of Southern Ocean ice-rafted detritus and eustatic sealevel change (Miller et al. 1987, 

Kennett and Barker 1990, Billups and Schrag 2002). Ocean circulation and atmospheric pCO2 variations 

are often cited as potential factors of these cooling events (DeConto and Pollard 2003). Large-scale 

reorganizations of ocean circulation driven by atmospheric circulation changes and/or tectonic 

reorganizations of gateway regions may have altered poleward heat and moisture transport, resulting in 

Antarctic ice growth and global cooling (Kennett 1977, Zachos et al. 2001). Ocean circulation hypotheses 

are supported by δ13C proxy evidence (e.g., Wright et al. 1992, Billups 2002) and the timing of tectonic 

events at critical ocean pathways like the Drake Passage, the Tasmanian Seaway, and the Indonesian 

Throughflow (Cane and Molnar 2001, Lawver and Gahagan 2003). Alternatively, atmospheric pCO2 

drawdown, through organic carbon sequestration on the mid-latitude continental margins (Derry and 

France-Lanord 1996) or enhanced silicate weathering rates (Raymo, 1994), may have driven Antarctic ice-

sheet expansion and cooling. Support for this hypothesis comes from thick, organic carbon-rich 

sedimentary sequences around the Pacific rim indicating an enhanced carbon burial during that time 

(Vincent and Berger, 1985). However, a complication of this hypothesis is revealed by paleo-pCO2 

estimates, which indicate that atmospheric pCO2 levels declined already more than 3 m.y. before the 

middle Miocene climate transition, and remained at a low level throughout this particular time interval of 

global cooling. This observation indicates that factors others than those related to global carbon cycling 

may have contributed to this major Cenozoic climate transition. 

In a recent paper, Shevenell et al. (2004) presented an independent record of middle Miocene Southern 

Ocean sea surface temperatures. To establish the thermal and hydrographic response of Southern Ocean 

surface waters and the phasing of high-latitude SST change and Antarctic ice expansion, paired Mg/Ca 

and δ18O records from surface-dwelling planktonic foraminifer Globigerina bulloides in conjunction with 

benthic foraminifer (Cibicidoides kullenbergi) δ18O and δ13C records at ODP Hole 1171 C on the South 

Tasman Rise have been generated. As a result, a stepwise surface cooling of 6 to 7° C between 14.2 and 

13.8 Ma has been demonstrated which precedes the Antarctic cryosphere expansion (as indicated by an 1 
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‰ increase in δ18O) by about 60,000 years, suggesting additional feedbacks for climate cooling during this 

interval of inferred low atmospheric pCO2. Shevenell et al. (2004) speculate that a middle Miocene 

intensification of the Antarctic Circumpolar Current (ACC) may have played a major role in this 

Cenozoic cooling event, directly through changes in heat transport or indirectly through changes in 

vapor transport. However, the onset of the ACC induced by the opening of the Drake Passage between 

South America and the Antarctic Peninsula has been shown to occur much earlier (Pagani et al. 2000, 

Lawver and Gahagan 2003), with an unrestricted pathway for water masses deeper than 2000 m since 31 

± 2 Ma, although the uncertain motion of the South Georgia and South Orkney microcontinents and other 

possible continental fragments does not allow for an exact timing of the opening of Drake Passage. The 

existence of different geological provinces as suggested by different planktonic assemblages (Kennett, 

1980) and sedimentological evidence for a circumantarctic current (Ciesielski et al., 1982) both hint to an 

emergence of the ACC in the early Miocene. Further indication of oceanic fronts stem from discontinuous 

distribution patterns of diatoms (Cervato and Burckle, 2003), that suggest the existence of a Polar Frontal 

System in the Southern Ocean with strong latitudinal variability since 42 Ma. The authors infer, that the 

position of the Antarctic Polar Front had varied within a 20° band from Middle Miocene to present. 

Lazarus and Caulet (1993) on the other hand suggest a fairly stable position of the Southern Oceans outer 

rim at about 50 °S during most of the Cenozoic.  

To further adress the Neogene development and variability of the ACC, we present a middle to late 

Miocene (14.3 to 7.4 Ma) reconstruction of vertical gradients in upper water column by comparing 

subantarctic ODP Site 1092 oxygen and carbon isotopes of mixed layer and thermocline dwelling 

planktonic foraminifers as well as using the occurrence of selected foraminiferal species indicative for 

polar and subpolar water masses.  

 

 

2. METHODS AND MATERIAL 

 

2.1. Site Location 

Ocean Drilling Program (ODP) Site 1092 is located on the northern flank of Meteor Rise in the 

southwestern Agulhas Basin (46° 24.7’S, 7° 4.8’E) in a modern water depth of 1985 m (Fig. 1). Four holes 

were drilled down to the lower Middle Miocene, which allowed to create a composite depth section 

down to 188.00 mcd. The studied interval (80 through 186 rmcd, with a composite depth scale revised 

according to Westerhold et al. 2003), spanning from 14.3 to 7.4 Ma is dominated by a nannofossil ooze 

with minor amounts of terrigenous components and biogenic silica (Diekmann et al. 2003). Site 1092 is 

situated on an aseismic plateau underlain by volcanic basement of early Eocene age or older (Shipboard 

Scientific Party, 1999 and references therein). Raymond et al. (1991) assume from correlation of seismic 
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horizons with the drilled stratigraphy of ODP site 704, located only 34 nmi to the southeast of site 1092, 

that the plateau portions of Meteor Rise were formed during the Maestrichtian and experienced thermal 

rejuvenation along with rifting of the Meteor/Orcadas Rise complex at ~60 Ma, which complicates the 

subsidence history. However, we assume that Meteor Rise, which rests on a ~70 Myr old plate, did not 

change its topographic height relative to the underlying plate throughout the last 14 Myrs. Assuming no 

offset from the basic age-depth relationship, application of simple thermal subsidence (Parsons and 

Sclater, 1977) yields a paleodepth of 1775 m at 14 Ma. The paleolatitude of Site 1092 has been estimated to 

be about 2.2° further south and 2.5° further west at 14 Ma using the plate tectonic reconstruction tool of 

the Ocean Drilling Stratigraphic Network (www.odsn.de).  

 

Fig. 1. Location of ODP site 
1092 in the subantarctic 
South Atlantic. Gray 
shading represents areas 
shallower than 3,000 m. 
Position of fronts and 
surface currents are given 
after Peterson and 
Stramma (1991). Also 
shown are ODP sites 1085 
and 1088. 

 

 

2.2. Chronostratigraphy 

The age model for the middle to late Miocene section of Site 1092 is based on a high resolution 

paleomagnetic stratigraphy by Evans and Channell (2003), with a later correction for the revised 

composite depth scale by Evans et al. (2004) and a significant change in the age model between 14.3 and 

12.4 Ma based on benthic δ18O stratigraphy (Paulsen et al. 2005 submitted). As a result, Site 1092 records 

exhibit sedimentation rates varying between 2 and 49 m/Myr, with two intervals of very low 

sedimentation rates occuring between ~14.1 and 12.9 Ma as an indication of a two-fold intensification of 

sediment-eroding bottom currents during the middle Miocene cooling (Paulsen et al., 2005 submitted). 

 

2.3. Faunal Analysis 

For the faunal analysis the sample material (>150-µm size fraction of 10 cm3 sediment) was split to 

subsamples with approximately 300 planktonic individuals using a micro splitter. As the average size of 

specimens in high latitude faunas is generally smaller than that of tropical or subtropical faunas, results 

are shifted to the disadvantage of species with a smaller average size. Turborotalia quinqueloba for instance 

appears exclusively in the <150 µm size fraction in the site 1092 samples, and is therefore not recorded in 

the counting results. The preservational status of planktonic foraminifers is expressed by a fragmentation 
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index, i.e. the number of shell fragments divided by the sum of intact foraminfer shells and the number of 

test fragments. Species were determined following the taxonomy of Kennett and Srinivasan (1983). 

However, we introduced some modifications to their taxonomy. 

The evolution of the Neogloboquadrina genus during the Neogene is complex. Several authors have 

initially ascribed various species of that genus to various different genera (Kennett and Srinivasan, 1983 

and references therein). At the same time, the Neogloboquadrina genus appears to readily produce a 

multitude of species endemic to specific environments during the Neogene (e.g. Kennett et al., 2000). 

Intergradation between several of the species within this genus coexisting in the Late Miocene has been 

described, e.g. between N. pachyderma and N. acostaensis. The relatively simple concept of Kennett and 

Srinivasan (1983), who describe an evolution of N. pachyderma from the ancestral N. continuosa at around 

the Middle to Late Miocene boundary is not applicable to the faunas recovered from ODP site 1092. 

Although we identified specimens, that resemble N. continuosa (sensu Kennett and Srinivasan, 1983) in 

the upper Late Miocene interval, N. pachyderma (sensu Kennett and Srinivasan, 1983) is encountered in 

the late Middle to early Late Miocene. This finding is also in contrast to Kennett (1980), who pointed out 

that the first appearance of N. pachyderma in the subantarctic region is only vaguely defined in the early 

part of the Pliocene and long postdates its first appearance in temperate areas to the north. However, we 

grouped all Late Miocene Neogloboquadrinids to N. pachyderma, independently of possible 

intergradations to N. continuosa (sensu Kennett and Srinivasan, 1983). 

Neogloboquadrinids of the Middle Miocene section of ODP site 1092 exhibit variations in test 

morphology that equals G. mayeri. Bolli and Saunders (1982) regard N. continuosa as a four chambered 

variant of Globorotalia mayeri. However, we regard it as belonging to the Neogloboquadrina genus, mainly 

due to its radial sutures and identified it as Neogloboquadrina sp. 

All Globigerinids, that could not be identified unequivocally as G. bulloides and rare individuals of G. 

falconensis and G. angustiumbilicata were grouped to Globigerina spp. 

Application of the taxonomic concept of Kennett and Srinivasan (1983) regarding the Globorotalia 

(Hirsutella) subgenus turned out to be difficult at ODP site 1092. Individuals with a higher chamber 

growth rate as well as individuals showing stronger umbilical inflation were included into our G. scitula 

definition. The first appearance of G. cibaoensis occurs at 12.6 Ma, much earlier than described from other 

locations (e.g., Chaisson and D`Hondt, 2000).  

The Globorotalia (Globoconella) subgenus with an assumed temperate paleobiogeography is represented 

by G. miozea. The modern descendant of this lineage, G. inflata is indigenous to and a good indicator 

species of the trasition zone, that seperates subtropical from subpolar waters (Bé and Tolderlund, 1971). 

In general, we grouped the foraminifer species according to their paleoclimatic significance following 

observations of Bé and Tolderlund (1971), Giraudeau (1993) and Niebler and Gersonde (1998) for recent 

species in the South Atlantic. Extinct species were grouped into that order by assuming similar ecological 
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demands as their modern descendants using the evolutionary concepts of Srinivasan and Kennett (1981) 

and Kennett and Srinivasan (1983). 

 

2.4. Foraminiferal Species used for Stable Isotope and Mg/Ca Analysis 

The species used for isotopic analyses were chosen because of their assumed depth habitat and their 

presence in the studied core intervals. Douglas and Savin (1978) proposed that species-specific depth 

habitats exist since the Lower Cretaceous and that extinct species dwelled in depth habitats comparable 

to those of their modern descendants. We therefore assume that the extinct species used in this study 

show habitational demands comparable to the demands of their modern descendants. 

Globigerina bulloides (d`Orbigny) is a spinose, non-symbiotic planktonic species (Hemleben et al., 1989) 

commonly used in paleoceanographic studies of temperate, sub-polar and upwelling environments 

(Sautter and Thunell, 1991). It dwells preferentially in the upper 50 m of the water column in the modern 

South Atlantic and most suitably records surface water δ18O in the temperate to subpolar South Atlantic 

(Niebler, 1995; Niebler et al., 1999). Investigations of Kemle-von Mücke and Oberhänsli (1999) suggest G. 

bulloides to trace nutrient-rich surface water masses in the equatorial Atlantic while Mortyn and Charles 

(2003) found the depth of its peak abundance to correlate with the depth of the chlorophyll maximum in 

the subantarctic South Atlantic. They concluded that G. bulloides is the most apppropriate shallow 

indicator species for the central Subantarctic region. Mortyn et al. (2002) suggested a δ13C diseqilibrium 

fractionation of “at least” -1.00 ‰ for G. bulloides for the subantarctic Atlantic in the Pleistocene. 

Consequently, we add a constant of 1.00 ‰ to the measured δ13C of G. bulloides in accordance with these 

authors. 

Globorotalia scitula (Brady) is a non-spinose, non-symbiotic species, which by many workers was 

reported to dwell in a deeper habitat (Ganssen and Troelstra, 1987; Niebler, 1995; Ortiz et al., 1996; 

Niebler et al. 1999; Kemle-von Mücke and Oberhänsli, 1999; Itou et al., 2001; Schiebel et al., 2002). These 

authors report on depth habitats between 100 and more than 250 m, or even up to 1000 m according to 

Ortiz et al. (1996). G. scitula is preferentially found in subpolar waters (Bé, 1977; Ortiz, 1996), but occurs in 

low abundances in a wide geographical distribution (Watkins et al., 1996).  

 

2.5. Stable Isotope Analysis 

10 cm3 bulk sediment were washed over 63-µm mesh sieve, freeze dried and weighed. Specimens of 

the planktonic species Globigerina bulloides and Globorotalia scitula were picked from the 200-250 µm 

fraction. About 15 specimens of the planktonic species were analyzed for stable oxygen isotope 

composition using Finnigan MAT 252 micro-mass spectrometer coupled with a Finnigan automated 

carbonate device at the University of Bremen. The carbonate was reacted with orthophosphoric acid at 75 

°C. The reproductibility of the measurements, as referred to an internal carbonate standard in each 
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laboratory, is better than ±0.07 ‰ for oxygen isotopes. The conversion to the Pee Dee Belemnite scale was 

performed using the international standards NIST 19. ODP core 1092 was sampled every 5 to 30 cm (mcd 

scale) according to the average sedimentation rate in the particular interval. After revise of the original 

composite depth scale by Westerhold (2003) some gaps in the revised depth scale were resampled. The 

temporal resolution varies between 3,300 and 20,800 years per sample increment (see Tab. 1). 

 

2.6. Mg/Ca Measurements 

We investigated 23 single Mg/Ca measurements on G. bulloides to estimate mixed-layer 

paleotemperatures. Cleaning procedures of the foraminifer tests for the Mg/Ca measurements were 

conducted following the cleaning protocol used by Martin et al. (2002). Approximately 75 individuals of 

G. bulloides of the 200-250 µm size fraction were gently crushed and transferred into acid-leached 0.5-ml 

vials, ultrasonically rinsed with ultrapure water, followed by treatments with hot reducing and oxidizing 

solutions. Afterwards, samples were checked under the microscope for silicate grains and strongly 

discolored test fragments. Samples were then transferred into new acid-leached vials and leached with 

weak nitric acid solution (0.001 N). Samples were brought into dissolution using 0.075 N nitric acid. 

Immediately after the dissolution of carbonate test fragments, the sample solutions were transferred into 

new acid-leached 2-ml vials. 

The elementary composition was analyzed on an ICP-OES (Inductively Coupled Plasma - Optical 

Emission Spectrometer) model Perkin Elmar Optima 3300 R at the Department of Geochemistry and 

Hydrogeology, University of Bremen. Internal standard (yttrium) and Ca concentration adjustment was 

applied for stabilisation and minimizing of matrix effects. Replicate analyses of standards show a mean 

reproducibility of ± 0.07 mmol/mol for Mg/Ca. Parallel to Mg/Ca ratios, Sr/Ca, Fe/Ca, Mn/Ca, and Ba/Ca 

have been analysed. Fe/Ca and Mn/Ca was used for monitoring cleaning efficiency. Samples that showed 

anomalously high Fe/Ca and/or Mn/Ca were rejected - these accounted for less 3 % of the total samples. 

To convert Mg/Ca ratios into paleotemperatures we used the equation of Mashiotta et al. (1999), 

because it is calibrated for G. bulloides and within a temperature range suitable for the southern South 

Atlantic region. δ18Ow is calculated from combined measurements of δ18O and Mg/Ca using the 

paleotemperature equation of Shackleton (1974). In order to account for long term changes in global 

seawater Mg/Ca ratio, we use the model of Stanley and Hardie (1998) to obtain Mg/Ca ratios for a given 

period of time. 
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3. RESULTS 

 

3.1. Faunal Composition, Abundance, and Preservation of Planktonic Foraminifers 

The faunas at site 1092 show low diversity throughout the studied interval (Fig. 2). In general, a long 

term transition from a cool temperate towards a subpolar to polar fauna is recognizable. Changes in the 

faunal assemblages reveal major shifts significant in terms of paleoclimatology. The oldest interval 

studied from 14.3 to 13.9 Ma is nearly exclusively composed of G. miozea, indicative of temperate surface 

waters. After that, G. bulloides and Neogloboquadrina sp. become gradually dominant. At 13.5 Ma G. miozea 

vanishes from the fauna, giving way to a temperate to subpolar assemblage, where G. bulloides and G. 

scitula represent the main constituents. The continuing occurrence of this assemblage is interrupted by 

two short intervals of relatively high proportions (about 50 % each) of sinistrally coiled Neogloboquadrina 

sp. at 12.6 and 11.9 Ma. Periods of intermittently returning temperate conditions are indicated by peak 

abundances (more than 50 %) of G. miozea from 10.8 to 10.7 Ma, and by a short occurrence of N. 

pachyderma (d) (38 %) at 10.4 Ma. A sustained faunal shift starts at 10.4 Ma, when N. pachyderma (s) begins 

to contribute significantly to the assemblage. During several intervals this polar species becomes 

dominant with proportions of up to 75 % of the total fauna. From that time on the foraminiferal faunas 

reflect four switches between polar and subpolar conditions, represented by alternating high proportions 

of N. pachyderma (s) and of G. bulloides and G. scitula, respectively. These faunal changes between 10.4 and 

7.5 Ma always show a similar succession: Relative proportions of N. pachyderma (s) increase relatively 

slowly and steadily for about 500 kyrs and are cut down again in a relatively short period. 

The total abundance of planktonic foraminifers varies strongly over the examined interval (Fig. 2). 

From 14.3 to 10.8 Ma, abundances vary between 6,000 and 160,000 individuals per gram of the >150 µm 

fraction. Since 10.8 Ma, fluctuations increased notably. Abundances vary between 9,000 and 327,000 

individuals with prominent peaks at 10.2, 9.9, 9.4, 8.8, and 7.8 Ma. In between these peaks, intervals of 

drastically reduced abundances occur at 10.1, 9.1, 8.4, and 7.4 Ma. 

Flux of planktonic foraminifers is generally very low from 14.3 to 10.8 Ma with rates of below 4,000 

individuals per cm2 and kyr for most of the interval. Only before 13.8 Ma, flux rates of up to 12,800 are 

reached. After 10.8 Ma, several intervals of enhanced flux rates occur from 10.8-10.1, 9.9-9.3, and 8.9-7.5 

Ma with a pronouced peak in foraminiferal flux of 82,000 individuals at 9.41 Ma. 

There is a clear inverse relationship between the total abundance record and the fragmentation index, 

indicating that dissolution is the main control for the abundance pattern. However, we suppose that 

selective dissolution plays a minor role, as intervals represented by high fragmentation of foraminifers, 

e.g., from 13.6 to 10.8 Ma are coincident with high proportions of G. bulloides, which is thought to be 

relatively susceptible for dissolution (Parker and Berger, 1971). 
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Fig. 2. Upper panel: Composition of the planktonic foraminiferal assemblages at ODP site 1092 from 14.3 to 7.4 Ma 
and their paleobiogeographical significance. Lower panel: Fragmentation, flux, and abundance of planktonic 
foraminifers. 
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3.2. Oxygen Isotope Records 

Middle to late Miocene oxygen isotope records of G. bulloides and G. scitula generally increase during 

the studied time interval (Fig. 3a) and seem to covary over much of this period, with G. bulloides showing 

generally higher amplitudes compared to G. scitula. G. bulloides exhibits δ18O values between 1.2 and 3.0 

‰, G. scitula exhibits values heavier by about 0.4 ‰ on average, which lie between 1.3 and 3.2 ‰ within 

the observed period. In the interval from 14.3 through 14.0 Ma both species record relatively light δ18O 

values between 1.3 and 1.8 ‰. The isotopic gradients range around zero within that interval. From 13.6 to 

13.5 Ma δ18O of G. bulloides is decreasing sharply, while δ18O of G. scitula increases generating a steep δ18O 

gradient. From 13.6 to 13.2 Ma both species increase by more than 0.6 ‰ consistent with δ18O event Mi-4 

at 13.15 Ma (Westerhold et al., 2005). After a short decrease in the δ18O difference of the two species 

between 12.5 and 12.4 Ma, the records of both species show a relatively uniform isotopic gradient of 

around 0.5 ‰ until around 10.0 Ma. However, at 12.0 Ma, δ18O of both species decreases abruptly. While 

G. bulloides remains at enhanced levels until 11.9 Ma, G. scitula is absent during this interval (see Fig. 2). In 

the following interval (11.9 to 11.6 Ma), G. bulloides shows relatively enriched δ18O values. Low correlation 

between the records of the two species is observed, after G. scitula has resumed at 11.6 Ma. From 11.5 to 

10.95 Ma δ18O values of the species converge. 

A sharp decrease starts at 11.0 Ma. Remarkably, the subsequent δ18O minimum shows an inter-specific 

offset of about 100 kyrs with lightest values of G. bulloides at 10.85 Ma and of G. scitula at 10.75 Ma. The 

interval from 10.8 to 8.7 Ma is characterized by a long termed δ18O increase of both species. An increase of 

1.25 ‰ is recorded for δ18O of G. bulloides from 10.78 to 8.65 Ma, when heaviest values are reached. 

However, G. scitula increases by 1.05 ‰ during the same interval (25 kyr average). 

Since 10.1 Ma, the δ18O record is punctuated by several distinct drawdowns in the surface to deep 

gradients centered at 9.9, 9.2, and 8.8 Ma, and 7.95 Ma. These events are mainly caused by sharply 

decreasing δ18O of the deeper dwelling G. scitula. High oscillations of surface to deep gradients are 

recorded again between 8.5 and 8.0 Ma. 
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Fig. 3. Oxygen (a) and carbon isotope (b) records of ODP site 1092 for deep dwelling (G. scitula) and shallow dwelling 
planktonic foraminifer (G. bulloides), records are presented with 25-kyr mean. Oxygen isotope data are expressed in 
‰ relative to VPDB, no correction for isotopic disequilibrium is applied to the δ18O record. The δ13C record of G. 
bulloides has been corrected for assumed disequilibrium fractionation by adding 1.00 ‰. δ18O events Mi-3 through 
Mi-7 are given with age assignments of Westerhold et al. (2005). Smaller panels show the deep to shallow dwelling 
planktonic isotope gradients. 
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3.3. Carbon Isotope Records 

δ13C records for G. bulloides and G. scitula exhibit a similar trend over most of the observed period (Fig. 

2b) with a high covariance. The δ13C values vary between 1.6 ‰ and 3.5 ‰ for G. bulloides and between 

0.9 ‰ and 2.7 ‰ for G. scitula. The δ13C maximum at 13.64 Ma recorded by both species represents the 

well known event CM 6 right after the first glaciation step of the Middle Miocene (Woodruff and Savin, 

1991; Hodell and Woodruff, 1994). Intervals of enhanced glaciation (Mi-events) are associated to intervals 

of enhanced surface to deep δ13C gradients. Mi-5 coincides with a maximum in δ13C of G. bulloides. Lowest 

surface to deep δ13C gradients are recorded between 12.3 and 12.1 Ma. The interval from 11.7 to about 9.4 

Ma is characterized by a long-term δ13C decrease of both species in combination with generally 

decreasing surface to deep gradients. A prominent ~1.0 ‰ rise in δ13C from 9.0 to 8.8 Ma, that is 

established much stronger in the G. bulloides record, sets the stage for an interval of increased surface to 

deep gradients for the rest of the observed interval. 

 

3.4. Mg/Ca Measurements 

Results of Mg/Ca measurements for G. bulloides are presented in Fig. 4. Calculated paleotemperatures 

and resulting δ18Ow values are listed in table 2. Values for the shallow dwelling planktonic foraminifer G. 

bulloides lie in a range from 1.0 to 5.4 mmol/mol, corresponding to a temperature range of 6.6 to 22.5 °C, 

applying the equation of Mashiotta et al. (1999) with an assumed seawater Mg concentration of 5.1 

mmol/mol (Stanley and Hardie, 1998). A significant decline from a maximum value of 5.36 mmol/mol at 

14.23 Ma to 1.83 mmol/mol at 11.38 Ma is recorded for G. bulloides (corresponding to 22.5 to 12.6 °C). 

Between 10.72 and 10.97 Ma high values between 2.5 and 3.2 mmol/mol are reached with a relatively low 

value of 1.8 mmol/mol occuring at 10.83 Ma. Strong fluctuation of values is recorded in the densely 

sampled interval from 9.90 to 9.80 Ma (an expanded view of that interval is given in Fig. 5). Mg/Ca ratios 

fluctuate between 1.09 and 2.38 mmol/mol (corresponding to 7.8 and 15.0 °C) within this period. 
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Fig. 4. Results of ODP 1092 compared to 
ODP 1171 from the Indo-Pacific sector of 
the Southern Ocean (Shevenell et al., 
2004). a. δ18O of shallow (G. bulloides, 
black line) and deep dwelling planktonic 
foraminifers (G. scitula, black line) at ODP 
1092 compared to δ18O of shallow 
dwelling foraminifer (G. bulloides, bold 
gray line) at ODP 1171. b. Mg/Ca and 
derived paleotemperatures using the 
equation of Mashiotta et al. (1999) and 
assuming modern seawater Mg/Ca ratio. 
c. Seawater δ18O (δ18Ow) calculated using 
the equation of Shackleton et al. (1974). 
Shaded areas highlight intervals of 
increasing δ18O associated to Mi-3 and 
Mi-4 as in the benthic δ18O record of ODP 
1092 (Paulsen et al., subm.). d. Relative 
contribution of two selected foraminiferal 
species indicative of temperate and 
subpolar conditions, respectively. 
 

 

 

 

 

 

 

 

4. DISCUSSION 

 

4.1. Middle Miocene Cooling 

Major glaciation event Mi-3 is reflected by a ~0.7 ‰ benthic δ18O increase from 14.02 to 13.76 Ma at site 

1092 (Paulsen et al. 2005 submitted). Low-resolution Mg/Ca values of G. bulloides at the same site indicate 

a drop in mixed layer temperatures from about 21 °C before to about 17 °C after this event (Fig. 4). This 

temperature change corresponds to the one observed by Shevenell et al. (2004) at ODP Site 1171 in the SW 

Pacific (48° 30’ S, 149° 7’ E) measured on the same species. However, the temperatures at Site 1092 seem 

to be generally warmer by 3°C, which might be related to the more northern paleo-position of this site 

(~48.5°S) compared to that of Site 1171 in the Pacific sector of the Southern Ocean (~55°S). However, after 

the second cooling step expressed as δ18O event Mi-4 at 13.6 Ma, the mixed layer temperatures of both 

sites converge to similar values of about 15 °C. This two-step change in sea surface temperatures is also 

reflected by a strong decrease in the abundance of G. miozea as an indicator of temperate climates at 13.8 

Ma, and its disappearance after the second cooling step at 13.3 Ma. At the same time, G. bulloides as a 
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subpolar species and sinistrally coiled Neogloboquadrina sp., a possible cool species show increasing 

abundances, corroborating the drastic changes toward cooler climates in the subantarctic zone. Sustained 

cooling at site 1092 is also indicated by the occurence of cold-water-indicating diatoms at 13.1 Ma, which 

then prevail until ~11.0 Ma (Censarek, 2002). 

Converted to δ18Ow by calculating δ18O calcite equilibrium values using the Mg/Ca paleotemperatures, 

the first cooling event is associated with a decrease of more than 1.2 ‰ in mixed layer δ18Ow. This is 

surprising, since the increase in eastern Antarctic ice volume at that time would suggest the opposite 

trend (Billups and Schrag, 2002). The decrease in mixed layer δ18Ow at Site 1092, therefore, can only be 

interpreted as a significant drop in surface water salinities in the sub-Antarctic zone. The δ18Ow decrease 

in the Atlantic sector of the Southern Ocean (Site 1092) is twice as high as in the SW Pacific sector (Site 

1171), indicating a much stronger decrease in salinities in the South Atlantic. However, the generally 

lower δ18Ow values at Site 1171 indicate a generally lower mixed layer salinity in the SW Pacific compared 

to that at Site 1092. Surface water δ18Ow in the high latitudes is mainly controlled by the 

precipitation/evaporation balance related to regional climate and the meltwater input from the Antarctic 

continent. Since ODP Site 1171 was positioned around 7° more to the South, it was closer to the possibly 

already existing belt of low pressure cells surrounding Antarctica where precipication by far exceeds 

evaporation. Also source regions of meltwater from calving Antarctic glaciers were relatively closer to 

this site. This might explain lower δ18Ow and hence lower salinites at site 1171 compared to site 1092. 

However, the inter-site gradient in δ18Ow nearly disappears after the second cooling step, suggesting that 

a polar surface water mass advanced northward within both sectors of the circum-Antarctic realm. The 

modern distribution of sea surface salinities show also similar values at the two sites. 

Another feature associated with the middle Miocene cooling is the evolution of a surface ocean 

stratification as indicated by the development of a significant difference in δ18O of the shallow-dwelling 

planktonic foraminifer G. bulloides, and the deep-dwelling species G. scitula. Surprisingly, the largest 

increase in ∆δ18O does not occur along with Mi-3, instead in the period between the two cooling steps 

(13.85 to 13.3 Ma). The main reason for this mixed-layer-to-thermocline difference is the additional 0.5 ‰ 

increase in δ18O of G. scitula relative to G. bulloides during this interval, which might correspond to an 

additional 2.2 °C cooling of the depth level of G. scitula. Reconstructions of surface water temperature 

gradients from the late Pleistocene polar frontal zone reveal generally lower temperature gradients 

during glacials compared to those of interglacials (Niebler, 1995). Surface (30 m) to deep (250 m) 

temperature gradients calculated from δ18O reach lowest values of 1 °C during isotopic stage 2, while 

they average 2.5 °C during the Holocene. The increase in ∆δ18O is most likely an indicator of the 

development of the subantarctic ocean frontal system, although the absolute sea-surface temperatures 

measured in the middle Miocene (15 °C) are much higher than those measured in the modern ocean (4°C; 

Conkright et al., 2002). The occurrence of ocean fronts should also be associated with changes in the 
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biological productivity in the subantarctic realm. However, there is no significant increase in organic 

carbon content at site 1092 during the middle Miocene cooling. But the increase in the abundance of G. 

bulloides might hint to such increase in productivity. Furthermore, at ODP Site 1088 (modern position: 41° 

8’ S, 13° 34’ E) which is located about 5° further to the north of Site 1092, the content of biogenic opal 

starts to increase at 13.3 Ma (Diekmann et al. 2003), which might hint to the proximity of an oceanic front 

like the Subantarctic Front today. 

 

4.2. A Short Warming Event at 10.8 Ma 

Unusually low δ18O values oserved in the two planktonic foraminifer species from 10.84 to 10.74 Ma 

with a minimum of 1.35 ‰ at 10.82 Ma (Fig. 3), warm mixed layer temperatures up to 17.5°C as derived 

from Mg/Ca analyses in G. bulloides (Tab. 2), and the concomitant re-occurence of the temperate species G. 

miozea (Fig. 2) give indication for a ~100,000 year period of relatively warm temperatures at Site 1092. At 

that time, the most profound change in diatom floral assemblages occured within the middle to late 

Miocene, with cool water species being replaced by warm water species (Censarek, 2002). All proxies give 

clear indication for a strong southward extension of warm surface waters across site 1092 around 10.8 

Ma. 

This warm water influx occurs at the end of a climatic perturbation, starting around 11.6 Ma with the 

Antarctic glaciation Mi-5 (Westerhold et al. 2005), followed by maximum values in δ18Ow as reconstructed 

from benthic Mg/Ca and δ18O values (Billups and Schrag 2002) indicating an increase in continental ice 

volume at that time, which is also evident as a strong sequence boundary from the sealevel curve of Haq 

et al. (1987). A short time afterwards, the warming event at Site 1092 begins, which is not only seen in the 

surface ocean, but also recorded in benthic foraminifer Mg/Ca values from subantarctic ODP Site 747 

(Billups and Schrag, 2002) with an increase of 4°C at a water depth of 1695 m on Kerguelen Plateau. 

The cause of this warming event maybe indicated by the intermittent occurence of G. menardii from 

~11.2 to 10.5 Ma at SE Atlantic Site 1085, off Nambia (Paulsen et al., 2005 subm.). At this location, the 

occurrence of the warm water species is assumed to reflect the influence of Indian Ocean water, which 

flows today as the Agulhas current around the southern tip of Africa at times of relatively southward 

position of the modern Subtropical Front (STF) (McIntyre et al., 1989, Peeters et al., 2004). Although G. 

menardii is not observed directly at Site 1092 during this period, its occurrence off Namibia might indicate 

a warm water pulse into the South Atlantic, which might have caused a retreat of the subantarctic ocean 

fronts towards the south. It is evident from the long-term trend in δ18O of planktonic as well as benthic 

foraminifers that this warm water event at 10.8 Ma interrupted the long-term increase in continental ice 

volume in the middle to late Miocene. Furthermore, from that time on the foraminifer production at Site 

1092 changed, with generally higher abundances and flux rates of planktonic foraminifers, with the first 

occurence of G. cibaoensis and a first peak in G. scitula, and with a change from Neogloboquadrina sp. to its 
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successor N. pachyderma (s). Also off Namibia, several changes in faunal and floral assemblages, 

sedimentation pattern, and geochemical parameters indicate an initiation of the Benguela oceanic 

upwelling system between 11.6 and 10.4 Ma (e.g., Diester-Haass et al. 2004, Krammer et al. 2005, Paulsen 

et al. 2005 subm.). The short-term warm water pulse, therefore, might have triggered the onset of 

Subantarctic Mode Water production, which is assumed to feed the high productivity upwelling zones in 

lower latitudes by the advection of nutrients (Sarmiento et al. 2004). The influence of subantarctic 

intermediate water to the Benguela upwellling is at best corroborated by the appearance of N. pachyderma 

(s) at Site 1085, which since then accounts for about 20% to 30% of the faunal assemblage. 

 

4.3. Late Miocene Changes in Subantarctic Surface Ocean Stratification 

The planktonic foraminifer assemblages at Site 1092 reflect significant alternations between N. 

pachyderma (s) and G. bulloides proportions from 10.3 Ma to 7.5 Ma (Fig. 5). Relative proportions of N. 

pachyderma (s) of more than 50 % are indicative for polar water masses which spread today near and 

south of the Subantarctic Front (Niebler and Gersonde, 1998). North of this zone, its relative proportion is 

drastically reduced to the advantage of G. bulloides. Thus repeated and relatively short-term alternations 

from high N. pachyderma (s) to high G. bulloides proportions might suggest repeated migrations of a 

frontal system across site 1092 between ~10.3 and 7.5 Ma.  

However, just before each peak abundance of N. pachyderma (s), a significant drawdown in the surface 

to deep δ18O gradient is observed (Fig. 5). This decrease in the δ18O gradient is mostly attributed to a 

drastic decrease in δ18O of the deep-dwelling foraminifer species G. scitula. Preliminary measurements of 

Mg/Ca in the mixed-layer species G. bulloides around the first of these events hint to a short-term 

warming by more than 6°C associated with the decrease in stratification around 9.85 Ma. Furthermore, 

each event of low stratification is associated with lowest relative abundances of G. bulloides, which might 

indicate the significant diminishing of productivity at the location of Site 1092. This is corroborated by a 

significant decrease in the δ13C of both shallow and deep dwelling planktonic foraminifer species right 

after each low stratification event (LSE) which might indicate a phase of perturbated carbon cycling, 

maybe related to the intermittent breakdown of the biological pump as a cause of low surface ocean 

stratification. However, the mechanism causing these events is not clear yet, since the duration of each 

LSE is in the order of 100,000 years, and the time lag of the subsequent carbon isotope minima lasts 

another 40,000 years, for LSE 3 even 240,000 years. 
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Fig. 5. Oxygen isotope record of ODP site 1092 compared to the corresponding carbon isotope record for the interval 
7.3 to 10.3 Ma. Shallow dwelling G. bulloides and deep dwelling G. scitula are represented by gray lines, black lines 
represent the 25 kyr-mean. Mid-points of low stratification events (LSEs) are indicated by vertical lines. The lower 
panels show the relative contribution of the polar foraminiferal species N. pachyderma (s) and the relative contribution 
of ice-indicating diatoms F. aurica (gray) and F. praecurta (white) (Censarek, 2002). 
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Other proxies, therefore, have to be studied to confirm the pattern of repeated northward shift of the 

subantarctic ocean fronts during the late Miocene time interval. One evidence for rapid climate changes 

in the Southern Hemisphere is revealed by sediment records from the Bellingshausen Sea. Hillenbrand et 

al. (2005) could show that three distinct peaks of the mass accumulation rate of lithogenic material at 

ODP Site 1095 (66.8 °S, 78.8 °W) indicates rapid changes in the growth and decay of continental glaciers 

on the Antarctic Peninsula. These peaks occur at 9.3 Ma, 8.75 Ma, and 8.2 Ma, respectively, close to the 

occurence of the LSEs in ODP Site 1092. Although there might be a slight mismatch in the chronology of 

their youngest event and LSE 4 (and unless the fact that their record ends at 9.5 Ma), there seem to be a 

coincidence between the deglaciation events of the Antarctic ice sheet and the changes in the stratification 

in the subantarctic realm. Furthermore, intervals of lowest abundances of N. pachyderma (s) inbetween the 

LSEs are associated with the episodic occurence of the diatom species Fragilariopsis praecurta and 

Fragilariopsis aurica, which both have close affinities to the modern taxon Fragilariopsis curta, interpreted 

as a sea-ice indicating species (Gersonde 1991, Gersonde and Zielinski, 2000), The intermittent occurrence 

of these diatom species therefore might hint to an extended sea-ice cover in the subantarctic Atlantic 

(Censarek, 2002).  

Both observations seem to corroborate the idea of shifting subantarctic ocean fronts as a main driver 

for the observed changes in planktonic foraminiferal assemblages and mixed-layer-to-thermocline 

gradients. However, the cause for the changes in Antarctic glaciation related to the circumpolar surface 

ocean dynamics is still to be investigated. 

 

4.4 Latitudinal gradients in the South Atlantic 

Latitudinal surface δ18O gradients across the subantarctical and temperate South Atlantic can help to 

place constraints on both the strength and position of the ACC fronts. Comparison of the shallow water 

dwelling δ18O record to a corresponding record of ODP site 1085 from the southwestern continental rise 

of Africa (29° 22’ S) (Paulsen et al., in prep.) reveals the evolution of this gradient through the studied 

interval (Fig. 6). By subtracting the surface water δ18O value of the temperate South Atlantic from that of 

the subantarctical South Atlantic we can remove the ice volume component of the δ18O signal from 

consideration, as changes in ice volume lead to global changes in δ18O, and thus affect both locations in 

equal measure. Differences in δ18Ow between the sites, however, do not affect this calculation, unless the 

relative difference does not change for a given interval. Thus by using the paleotemperature equation of 

Shackleton (1974), we can simply convert the δ18O differences to differences of sea surface temperature 

between the two sites. 
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Fig.6. a. Comparison of the shallow dwelling planktonic δ18O records of site 1092 (~46 °S) to the record of site 1085 
from the subtropical South Atlantic (~30 °S) (Paulsen et al., in prep.). Bold lines represent G. bulloides, the broken line 
represents G. trilobus (corrected for isotopic disequilibrium fractionation by adding 0.25 ‰). b. Latitudinal δ18O 
gradient of the South Atlantic Ocean across ~30°S to 46 °S. The surface water temperature gradient is given in °C on 
the scale to the right using the paleotemperature equation of Shackleton (1974). All records are presented as 25-kyr 
mean. c. Linear sedimentation rates (LSR) of ODP site 1092 in m/Myrs, triangles on bottom denote age datums of the 
age model used (Paulsen et al., in prep.). d. Sand content (wt. %). Ages of Mi-events are from Westerhold et al. (2005). 
There is as yet no consensus on an age assignment for Mi-7, the age suggested here is only due to the coincidence of a 
local maximum in ∆δ18O and a drop in LSR. 
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Local maxima in the latitudinal δ18O gradients are associated to Middle Miocene δ18O events Mi-3 

(13.82 Ma), Mi-4 (13.15 Ma), and Mi-5 (11.63 Ma) (age from Westerhold et al., 2005) (Fig. 6). The 

magnitudes of these gradients of 1.67, 1.87, and 2.28 ‰ correspond to thermal contrasts of 6.7, 7.5, and 9.1 

°C, respectively, assuming no relative change of δ18Ow between the sites within this interval. These 

maxima coincide with the onset of intervals of decreased linear sedimentation rates (LSR) (Fig. 6). They 

are followed by decreases in the latitudinal temperature gradient of about 2 °C.  

An additional event with equal characteristics emerges between Mi-4 and Mi-5. A pronouced local 

maxima in the δ18O gradient of 2.19 ‰ (8.8 °C) at 12.43 Ma coincides with the onset of reduced 

sedimentation rates between 12.42 and 12.21 Ma, and is followed by a very sharp decline of the gradient 

of about 4 °C, possibly indicating very strong influence of subantarctic surface waters in the temperate 

South Atlantic. However, no globally recorded Mi-event has been described for this time interval. Still, 

the benthic δ18O record of ODP site 1085 (Westerhold et al., 2005) exhibits an increase of about 0.34 ‰ (25 

kyr average) from 12.52 to 12.32 Ma. This could imply the existence of an additional glaciation and/or 

deepwater cooling event, which is less well pronounced than events Mi-3 through Mi-5, however. The 

surface to deep δ18O gradient at site 1092 exhibits a distinct minimum at 12.43 Ma (Fig. 3). Also δ13C 

gradients reach lowest values after this time (Fig. 3). The composition of diatom floras changes abruptly 

during this interval: Between 12.56 and 12.23 Ma, warm water indicating Actinocyclus ingens diminish to 

the advantage of cool water indicating Nitzschia denticuloides, after which time the floras are dominated 

by cool water indicating Denticulopsis dimorpha until ~11.0 Ma (Censarek, 2002). This gives clear indication 

for the advance of cool subantarctic surface waters at this time. 

The abovementioned coincidence of low sedimentation rates and ∆δ18O maxima does not hold for the 

Mi-6 event. However, this event marks the endpoint of a long-term δ18O increase of the benthic δ18O 

record of site 1085 rather than the relatively abrupt increases Mi-3 through Mi-5 (Westerhold et al., 2005). 

At site 1092 this increase is not recorded. Hence, it might be controlled by decreasing bottom water 

temperatures at site 1085 and not by an ice volume increase.  

There is no consensus on the timing of Mi-7 yet (Westerhold et al., 2005). Several authors have 

proposed varying age assignments for this event from various deep ocean sites, e.g., Wright and Miller 

(1992) have placed it to within chron C4Ar.1n at 9.45 Ma. The coincidence of a ∆δ18O maximum and a 

distinct drop in LSR at ~9.3 Ma (Fig. 6) could imply that an event-like interval of maximum glaciation 

occurs at that time. 

Between 11.0 and 9.5 Ma inter-site δ18O gradients experience notedly lower values most likely owing 

to a phase of increased Benguela current intensity (Paulsen et al., in prep.), that acts to reduce surface 

water temperatures, due to the entrainment of Subantarctic sourced surface waters by an invigorated 

Benguela current. 
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At 8.35 Ma a maximum δ18O gradient of 3.08 ‰ (~12.3 °C) is reached. Niebler et al. (1999) found a 

temperature related δ18O range of 3.1 ‰ in the modern Atlantic PFZ for G. bulloides, corresponding to a 

temperature range of 14.5 °C in 30 m water depth between 34 and 51 °S. Equally high gradients at around 

8.3 Ma could imply that temperature gradients comparable to modern ones were reached intermittently 

in the Late Miocene already. A strong increase in latitudinal thermal gradients across the Southern Ocean 

to the south of site 1092 (~65 - 46 °S), which is mainly driven by cooling of its southern part, as 

reconstructed from assemblage patterns of diatoms (Censarek, 2002) occurs from 9.6 to 8.7 Ma. The 

author suggests a relationship to the buildup of the West Antarctic ice shield during this time (Ciesielski 

et al., 1982). Obviously, during this time the largest temperature contrasts of the Middle to Late Miocene 

prevail in the South Atlantic. 

 

 

5. CONCLUSIONS 

 

The middle Miocene double cooling step, manifested as the double benthic δ18O increase Mi-3 and Mi-

4 between 14.0 and 13.2 Ma, exerted major climatic changes in the subantarctic South Atlantic. A shift 

from temperate to subpolar foraminiferal faunas is commenced with Antarctic glaciation event Mi-3. The 

enhancement of upper ocean stable isotopic gradients, which is initiated by this event, proceeds until 13.6 

Ma, i.e. beyond the δ18O increase. Sea surface salinities of the advancing subantarctic surface water sphere 

are low enough to more than compensate for the globally increasing δ18Oseawater, that comes along with ice 

accumulation on Antarctica. Thus a major change in surface water characteristics takes place along with 

Mi-3. 

Isotopic event Mi-4, though accompanied by further cooling, did not alter the structure of the upper 

ocean significantly. Likewise, succeeding Late Miocene δ18O events did not have paleoceanographic 

influences on the subantarctic South Atlantic comparable to the Middle Miocene cooling steps, though 

they obviously increased the latitudinal surface water temperature gradient across the South Atlantic. 

However, the coincidence of these events with planktonic δ13C increases, needs further investigation. 

On the contrary, the warm event at around 10.8 Ma, though short-lived, set the stage for a decisive 

turnover in water mass characteristics. Drastically decreased carbonate corrosiveness and a sustained 

change in both faunal and floral assemblages hint to profound changes in deep water circulation and/or 

nutrient inventories. 

Foraminiferal faunas at ODP site 1092, though generally low in diversity, can place some constraints 

on the relative position of the South Atlantic ocean fronts. Specifically, the absence of subtropical faunas 

implies that the Subtropical Front has been positioned to the north of the site throughout the observed 



Chapter 3 - Middle to Late Miocene subantarctic upper ocean stratification 

 84 

interval. The evolution of polar faunas, i.e. containing high proportions of sinistrally coiled N. pachyderma, 

strongly suggests polar conditions intermittently since 10.3 Ma. 

Among the most important aspects of this study is the possible relationship of repeatedly occuring 

breakdowns in thermal stratification with a hydrology comparable to the modern Polar Frontal Zone. 

Though the occurence of modern cold water foraminifers, as well as potentially ice-indicating diatoms 

suggests polar conditions in the upper late Miocene, there is no indication for significantly enhanced 

surface water productivity, that would be expected in such an environment. 

Reconstructed latitudinal surface water temperature gradients, though suffering from the unknown 

sea surface salinities, corrobarate the general pattern of a northward advancing frontal system that 

increases the thermal contrast across the South Atlantic. This is evidence for thermal conditions in the 

South Atlantic quite comparable to the modern ones intermittently during the upper Late Miocene 

section (~ 9.0-7.5 Ma). 
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Table 1: Site 1092, sampling details. 

 

interval 
(m) 

rmcd scale 

age 
(Myr) 

spatial resolution 
(cm/sample) 

mcd scale 

temporal resolution 
(kyr/sample) 

average, G. bulloides 

sedimentation rate 
(m/Myr) 
average 

80.00 - 92.89 7.36 – 8.54 15 (average) 14.1 10.9 

92.89 - 103.92 8.55 – 9.09 10 6.5 20.4 

103.92 - 109.12 9.09 – 9.50 5 4.0 12.7 

109.12 - 139.98 9.50 – 10.58 10 3.3 28.6 

139.98 - 148.21 10.58 – 10.85 30 8.7 30.5 

148.21 - 185.99 10.85 – 14.34 20 20.8 10.8 
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Table 2: Results of Mg/Ca measurements of plantkonic foraminifer species G. bulloides and calculation of 
paleotemperature and seawater δ18O (δ18Ow). 1 = after the model of Stanley and Hardie (1998), 2 = using 
the calibration of Mashiotta et al. (1999), 3 = using the paleotemperature equation of Shackleton (1974). 
 
 

depth 
(rmcd) 

age 
(kyrs)

Mg/Ca 
seawater1 
(mol/mol) 

Mg/Ca 
(mmol/mol)

T 
(°C)2

T 
(°C) 

corrected1,2

δ18Oc 
(‰ VPDB) 

δ18Ow3 
(‰ VPDB) 

84.85 7,795 3.925 2.06 13.7 16.3 2.52 1.73 
88.46 8,061 3.893 2.55 15.7 18.4 2.70 2.41 
88.87 8,091 3.889 1.08 7.7 10.3 2.71 0.40 
89.95 8,211 3.875 0.96 6.6 9.3 2.37 -0.20 

105.08 9,303 3.744 1.07 7.6 10.6 2.51 0.19 
117.37 9,801 3.684 1.78 12.4 15.5 2.55 1.42 
118.17 9,832 3.680 1.51 10.8 14.0 2.60 1.09 
118.57 9,848 3.678 2.38 15.1 18.3 2.56 2.11 
119.26 9,875 3.675 1.59 11.3 14.5 1.96 0.56 
119.65 9,890 3.673 1.09 7.7 10.9 2.08 -0.20 
144.29 10,722 3.573 2.46 15.4 18.8 2.07 1.70 
147.31 10,819 3.562 2.98 17.2 20.6 1.35 1.42 
147.61 10,829 3.561 1.82 12.6 16.0 1.55 0.46 
151.00 10,939 3.547 3.11 17.6 21.1 2.46 2.63 
152.00 10,971 3.543 3.18 17.8 21.3 2.57 2.79 
160.66 11,379 3.494 1.83 12.6 16.3 2.01 0.94 
176.54 12,505 3.363 2.04 13.6 17.7 1.96 1.15 
178.32 12,731 3.342 2.59 15.9 20.0 1.77 1.52 
181.57 13,600 3.218 2.94 17.1 21.4 1.20 1.24 
181.92 13,719 3.211 2.99 17.2 21.6 1.62 1.69 
183.06 14,035 3.176 3.75 19.3 23.9 1.53 2.14 
184.57 14,220 3.154 5.36 22.7 27.3 - 2.99 
185.99 14,331 3.140 4.43 20.9 25.5 1.59 2.59 
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Datenanhang 
 
Auf der beigefügten CD (Seite gegenüber) befinden sich die folgenden Datensätze unter 

den angeführten Dateinamen: 

 

1. Faunenzählungen (planktisch), Abundanzen und Flußraten planktischer und 

 benthischer Foraminiferen 

ODP site 1085 (108 Datenpunkte) -  Faunenanalyse 1085 

ODP site 1092 (119 Datenpunkte) -  Faunenanalyse 1092 

 

2. Isotopenmessungen planktischer und benthischer Foraminiferen 

ODP site 1085, planktische Foraminiferen (1892 Datenpunkte) -   Isotopen Plankton 1085 

ODP site 1092, planktische Foraminiferen (1961 Datenpunkte) -   Isotopen Plankton 1092 

ODP site 1092, benthische Foraminiferen (1020 Datenpunkte) -   Isotopen Benthos 1092 

 

3. Altersmodell ODP site 1092 

Tiefen-/Altersbeziehung aus stabilen Isotopen (38 Datenpunkte) - Altersmodell 1092 

 

4. Sandgehalte ODP site 1092 

Gewichtsprozente der Sandfraktion (1437 Datenpunkte) - Sandgehalt 1092 
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