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Abstract

The Caribbean is an ideal place to study the sensitive and delicate Ocean/Climate System and itsresponsetora-
pid climate variations during the last, early Glacial (Dansgaar d/Oeschger-Cycles) as well as the resulting envi-
ronmental changes at low latitudes. The scope of the project comprises studies on the interrelated processes of
global climate variations, sea level changes, sea surface temperature variations, deep and intermediate water hy-
drography, and the resulting fluctuations in the assemblage composition of marine biota in a confined marginal
sea. Emphasisis given to the paleoceanographical processes during the late Quaternary, in particular during the
highly dynamic Oxygen | sotope Stages 2 and 3, and their comparison with the Holocene to recent situation. Two
largely interrelated subprojects, and an accompanied pilot study contribute to the achievement of theses goals
from different perspectives with innovative methods. The basis for these studies is R/V SONNE cruise SO164
(RASTA) to the Caribbean (May 22" to June 28", 2002). The marine-geological expedition comprised hydro-
acoustic surveys, sampling of bottom sediments, and long piston and gravity coring in the Columbian and Vene-
zuelan Basins, within the Windward Passage, and in the Florida Straits. The deployment of the submersible
JAGO allowed a detailed mapping of sea bottom structures, reef mor phology, and well-defined sampling at shal-
low depth around Guadeloupe and Martinique (French Lesser Antilles). Hydrocasts, water sampling and plank-
ton tows accomplished the sedimentological studieswith ground-truth data on the recent oceanography.

1. Introduction 1998) and submarine morphologica features (Dullo et
al., 1998; Hanebuth et a., 2000). The dynamics of
Cruise SO164 with R/V SONNE was performed from ancient sea level rise is approximated from the reef's
May 22™ to June 28", 2002, within the framework of growth rate. This is determined by establishing an
RASTA (Project No. 03G0164 to GE) funded by the age/depth relationship of dated corals that either have
German Ministery of Education and Research (BMBF). been collected in situ with submersibles (Grammer and
RASTA consists of two largely interrelated subpro- Ginsburg, 1992; Colonna et a., 1996; Dullo et a.,
jects, and an accompanied pilot study, which will con- 1998) or were retrieved from reef-drilling (Eisenhauer
tribute from different perspectives to the understanding et al., 1993; Bard et al., 1996; Zinke et al., 2003). This
of the sensitive climate/ocean system in the low latitu- is only effective if the exact paleobathymetrical range
de tropical/subtropical Caribbean and western Atlantic of the taxon is well constrained (Montaggioni et al.,
Ocean, and its response to rapid climatic changes. 1997).
The three subprojects concentrate on the following The average sea level rise during the last deglacia-
topics: tion is estimated to 10 mm a™. The rise increased inter-

mittently during meltwater pulse la (14000 a B.P) to
37 mma?, and during the second pulse Ib (11000 a
B.P.) to 25 mm a* (Fairbanks, 1989; Bard et al., 1996,

Subproject 1. Sea level variability and carbonate
export around the Lesser Antilles

Subproject 2: Variability of paleo-sea surface tem- Dullo et al., 1998). Precise *C- and U/Th (TIMS)-
peratures and variations in thermocline depths in datings of Eemian and Holocene reefs revealed
the Caribbean temporal and spatial differences between the individual
Pilot study: Impact of the Gulf-Stream on sedimen- ocean basins. For instance, the Indian Ocean sea level
tary environments and benthic communities in the off western Australia was 1 to 2 m above the present
southern Florida Straits (GOLDFL OS) level 6000 years ago, while the Atlantic at Barbados

was still 10 m below today's gauges (Fairbanks, 1989;
Bard et a., 1990; Eisenhauer et al., 1993; Lambeck and
Nakada, 1992; Braithwaite et a., 2000). These dif-
ferences may be affected by geoid changes, neotec-
tonics, and hydro-isostatical re-equilibrations of ocea
nic and continental crust (Mitrovica and Peltier, 1991;
Eisenhauer et al., 1993).

Corals provide reliable environmental records for
the reconstruction of past sea surface temperatures
(Pétzold, 1984; Heiss and Dullo, 1997; Fairbanks et al.,
1997, and references therein). The proxies comprise the

Variations in thermocline depth, sea surface tempera-
tures, and in global sea level during the last climatic
changes are causally connected. In order to better un-
derstand their interactions and to become able to assess
the anthropogenic effect on climate change, the studies
performed within the various subprojects are closely
interrel ated.

1.1 Sealeve variability and carbonate export
around the Lesser Antilles(RASTA TP 1)

W.-Chr. Dullo genuine d**0 method, but new applications based on
i Sr/Ca and U/Ca relationships are also applied (Beck et.

Carbonate production of coral reefs and carbonate plat- al., 1992, 1997)

formsislargely determined by sealevel variations. Co- Results of the CLIMAP program indicate that

ral reefs are amain target of studies on sea level varia-
tions, as they are forced to follow sea level changes
instantanously for biological and ecological reasons.
They are therefore considered as past sea level indica
tors, in particular on-shore terraces (Grossmann et al.,

tropical sea surface temperatures during the Last Gla-
cial Maximum were only lower by 0 to 2°C than today.
Meterological approaches based on snowfall atimetry
approximated a surface water cooling of 3 to 6.5°C in
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the tropics (Broecker and Denton, 1990). Sr/Ca-records
of an 10 ka old Porites lobata from Vanuatu (equa-
torial Pecific) revealed average temperatures that were
5.5°C lower than today in this region. Other Sr/Ca and
U/Ca studies from the western Pacifik corroborate
these results (McCulloch et ., 1996; Min et al., 1995).
Hence, results from geochemical proxies are in better
agreement with terrestrial records than with the results
of foraminiferal transfer functions (CLIMAP, 1981).

Small scale sea level variations leave a strong im-
print on the carbonate export of reef systems. They are
recorded in composition variations of sediment export
at certain sea level stands. A high aragonite proportion
of sediments derived from shallow-water platforms
characterises high stands while a high calcite propor-
tion prevailes during sea level lowstands. A substantial
export of abiogenous components and fragments of
inner-platform organisms is recorded during high
stands. Biogenous skeletal components and lithoclasts
prevail in talus sediments during lowstands (Westphal,
1998). This concept may be applied to high-resolution
studies of late Quaternary sediment production history
and cyclic deposits, and it may yield evidences for
small-scale sea level variations and their effects on
carbonate systems (Kroon et al., 1998; Rendle et al.,
1998) influencing the diagenetic overprint (Brachert
and Dullo, 2000).

The major objectives of RASTA Subproject TP1
is to assess the amplitude of sea level variations during
the last glacial-interglacial cycle with special focus on
Oxygen | sotope Stage 3 (Fig. 1).

How is the carbonate production during this spe-
cific time window and how are the sedimentary
dynamics?

Arethere sufficient areas available for shallow wa-
ter production during | sotope Stage 3?

Aretherefossil reefs which can be sampled?

Another important issue addresses the determination of
carstification levels attributed to the Last Glacial Maxi-
mum. We know several such levels from the Caribbean
to occur at 120 m below present day sea level. Since
sea level rose quickly during the late Pleistocene, there
should be drowned reefs on top of the presently sub-
merged bank margins. To prove their existence is an-
other goal for the in situ observations with the submer-
sible.

A key issue focuses on the sampling of sclero-
sponges. These skeletal, long living organisms are a
unique paleoclimatic archive, as they occur in adistinct
bathymetric window between 100 and 130 m of present
water depth. They monitor precisely the dynamics of
the thermocline for at least 600 years.

page 2
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Fig.1 Schematic sketch of the potential production
level for shallow water carbonates during |so-
tope Stage 3. Minor changes will be reflected
in the benthic foraminiferal assemblage (rim
vs. lagoon)

1.2 Variability of paleo-sea surface tempera-
turesand variationsin thermoclinedepth in
the Caribbean (RASTA TP 2)

D. Nurnberg

Currently, scientific efforts concentrate on understan-
ding of how the integrated earth system operates at
times of maor climatic instability, specifically during
very rapid climatic changes. The investigation of high-
resolution climatic records from the marine as well as
terrestrial realm, the establishment of new proxy re-
cords reflecting environmental change, and the im-
provement of dating methods in order to resolve short-
term environmental variability and phasing relation-
ships (leads and lags) are thus of high priority to the
scientific community interested in Quaternary climate
change.

The temporal evolution of the Western Atlantic
Warm Water Pool (WAWP) is crucial in this respect.
The WAWP is characterized by extraordinary mean an-
nual sea surface temperatures, which supply tropical
heat and moisture to the atmosphere, and related feed-
back mechanisms (i.e. atmospheric circulation, cloud
formation, greenhouse warming, SST-dependant CO,-
uptake) (Tomczak and Godfrey, 1984). This oceanic
feature is located mainly in the western tropical-
subtropical Atlantic Ocean, Caribbean Sea and Gulf of
Mexico (Fig. 2). The WAWP is regarded as the main
reservoir of heat to be transferred to the North Atlantic.
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Temperature in 50m water depth (northern summer)
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Modern latitudinal and vertical variability of temperature in subtropical-tropical regions of the World Ocean

during northern summer. Warm water pools are marked by temperatures of up to 29°C and by a deepening of
the thermocline towards the west. Note: The thermocline of the eastern Indian Warm Pooal is distinctly shal-
lower than in the W-Pacific and W-Atlantic (Caribbean) warm water pools. Strong upwelling along the Somali
and Arabian coasts during the summer monsoon contributes to the cooling of the northwest Indian Ocean.

Source: Levitus and Boyer (1994).

It is the source area of the warm Gulf Stream, which is
the northward flowing Western Boundary Current in
the North Atlantic driven by the western Atlantic equa-
torial trade winds. Heat release from the WAWP trig-
gered temperature changes even in high latitudes of the
North Atlantic region (McIntyre and Molfino, 1996;
Rihlemann et al., 1999). Long-term as well as short-
term changes in WAWP dynamics, therefore, sensi-
tively affected not only climate in the tropical Atlantic,
but aso that in the northern Atlantic and in Europe.
The Late Quaternary climate is known to have
been unstable and prone to major, rapid changesin cli-
mate that occurred within a few decades or less
(Kennett et a., 2001). This climatic instability was
most pronounced during the last glacial, and implies
closely linked changes within the hydrosphere, atmos-
phere, cryosphere, and biosphere. Stimulated by the
findings of millennia to sub-millennial time scale
climatic variations in ice core records from Greenland
and Antarctica (e.g. Alley et a., 1993), many efforts
were undertaken to document the short-term climatic
variations aso in marine sediment records. The records
proved the close relationship of short-term climatic
events between the northern and southern hemispheres,
and thus teleconnections on suborbital time scales. The
oscillations in air temperature recorded in Greenland
ice cores apparently correlate with paleoceanographic
records in the North Atlantic, known as Dansgaard-
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Oeschger events (Broecker and Denton, 1989) and
Heinrich events (Bond et al., 1993), and in the equato-
ria Atlantic (Curry and Oppo, 1997). The causes for
the rapid climatic Dansgaard-Oeschger variations are
largely unknown, although various attempts for expla-
nation were proposed (e.g. Cane and Molnar, 2001;
Ganopolski et a, 1998; Ganopolski and Rahmstorf,
2001; van Krefeld et a., 2000). An important mecha-
nism often proposed is the change in the thermohaline
circulation (THC). However, Elliot et al. (2002) sug-
gest that only major Dansgaard-Oeschger cooling
events, the Heinrich events, were associated with major
changes in thermohaline deep-water circulation. The
thermohaline circulation, thus, is still questioned as an
appropriate global mechanism to explain the rapid cli-
matic Dansgaard-Oeschger variations.

Despite its importance, the dynamics of the
WAWP on relatively short time scales and its role for
the climatic evolution in the North Atlantic Ocean area
are not well understood. The observed time lag bet-
ween gpecific SST proxy records (foraminiferal
Mg/Ca, alkenones) from various tropical regions (Paci-
fic, Atlantic and Indian oceans) on one hand and stable
oxygen isotopes on the other hand, in fact, led Bard et
al. (1997), Leaet a. (2000), and Nirnberg et al. (2000)
to emphasize the tropical oceans’s role in forcing cli-
mate change.
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The primary objective of the RASTA subproject
TP2 is to document changes in the thermal structure of
the Caribbean surface ocean - the source area of the
Gulf Stream system - over the last mgor glacial-
interglacial cycles, with specific focus on the last gla-
cia to Holocene period. The reconstruction of sea sur-
face temperatures, the depth of the thermocline, and pa-
leoproductivity will be based primarily on the micro-
paleontological and geochemical analyses of planktonic
foraminifers. The project is in agreement with both the
National Climate Program of the German Government
and international programs, which focus on Global
Change (e.g. Past Global Changes, PAGES). Our at-
tempt to reconstruct SST is in close relationship to the
TEMPUS initiative of the European Commission's En-
vironment and Climate Program (Rosell-Mélé et al.,
1998). Also, our studies are closely related to the
GLAMAP initiative to reconstruct last glacial maxi-
mum SST in the Atlantic Ocean (Sarnthein et a.,
1998).

In particular, RASTA Subproject TP2 addresses
the following topics:

To define the sea surface temperature variability in
the Caribbean during the late Quaternary as re-
vealed by geochemical proxy data.

We will accomplish a combined approach of assessing
paleo-SST by applying Mg/Ca paleothermometry,
foraminiferal transfer functions, akenones, Sr/Ca in
corals and planktonic foraminifers. In particular, com-
bining both Mg/Ca and d®O (reflecting changes in
temperature, salinity, and global ice volume) measured
on the same planktonic foraminiferal specieswill allow
to separate the temperature signal from the isotope sig-
nal and to extract the residual d"®Og,. record indi-
cative of changesin salinity and ice volume (Nurnberg,
2000). In order to further evaluate and improve the me-
thod of Mg/Ca paleothermometry, comparative studies
between foraminiferal test chemistry and water chemi-
stry will be carried out. Assessing the impact of carbo-
nate dissolution on the foraminiferal test chemistry is
essential and will be approached by core top sediment
studies covering alarge depth range.

To reconstruct the spatial and temporal variations
in the strength of the WAWP.

Since the depth of the thermocline is indicative for the
strengh of warm pools, the reconstruction of sea sur-
face temperatures (SST) and SST gradients in the up-
per water column is essential for al further reconstruc-
tions of warm pool dynamics. Temperature gradientsin
the upper ocean will be determined by measuring both
Mg/Ca and d*®O in planktonic foraminifers living at
different depth levels. In this respect, core-top samples
will provide additional data to constrain the existing
Mg/SST calibration curves and to establish new spe-
cies-specific calibration curves.

To reconstruct lateral changes in the South Equa
torial Current and its influence on the therma
structure of the Caribbean.
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Selected sediment cores from the outer Lesser Antilles
Island Arc will be studied. The according SST records
will be compared to the Caribbean records in order to
reveal temporal and spatial changes in the surface hy-
drography. Of particular interest are Termination 1 and
Oxygen | sotope Stage 3.

During the expedition SO164 with R/V SONNE,
we gathered a suite of sediment cores over alarge lati-
tudinal and longitudinal range, which will alow us to
establish (high-resolution) time-series and spatial re-
constructions of oceanographic and climatic changesin
the Caribbean Sea.

1.3 Impact of the Gulf Stream on sedimentary
environments and benthic communitiesin the
southern Florida Straits (GOLDFLOYS)

W. Kuhnt, J. Schonfeld

The Gulf Stream is the "central heating" of middle and
northern Europe and controls to a large extend the re-
cent climate and consequently our living conditions in
Cental Europe. The Gulf Stream is part of the trans-
equatorial heat transport. Warm ocean surface waters
from the equatorial South Atlantic cross the Equator,
pass the Caribbean Sea and flow as Gulf Stream into
the North Atlantic (Schmitz and McCartney, 1993;
Schmitz et al., 1993; Sato and Rossby, 1995). The sur-
face water inflow into the Caribbean Sea passes several
straits between the Windward Islands (Wast, 1964,
Stalcup and Metcalf, 1972; Johns et al., 2002). The
entire outflow is funnelled, however, in the Florida
Straits between Florida, Cuba, and the Little Bahama
Bank. The so-called "Florida Stream" congtitutes the
central core of the Gulf Stream that flows further north-
wards into the western Atlantic (Pickard and Emery,
1982; Hogg and Johns, 1995). Any change in warm-
water transport to the North Atlantic during the late
Quaternary should be accompanied with a substantial
variation in Florida Straits throughflow (Lynch-
Stieglitz et a., 1999). They are to be monitored with
benthic proxies recording the near-bottom flow
strength.

Today's structure of the current was extensively
studied in the STACS (Subtropical Atlantic Climate
Studies) program since 1982 in the northern Florida
Straits at 27°N (Molinari et al., 1985), and it is con-
tinuously  monitored  (http://www.pmel.noaa.gov/
whbcurrents/cabletransport.ntml). The main achieve-
ment of these studies was an assessment of Gulf
Stream'’s volume and heat transport, and of the short-
and long-term variability (Niiller and Richardson,
1973; Schott and Zantop, 1985; Larsen, 1992; Lamb,
1981; Hall and Bryden, 1982; Molinari et a., 1985a).
The current velocities are higher than 180 cm s in the
central core of the Gulf Stream. Close to the sea floor,
they vary between 10 and 20 cm s* (Leaman et al.,
1987). Higher near-bottom currents were observed on
the northern slope of the Cay Sal Bank where the Flori-
da Stream directly impinges the sea floor with depth-
decreasing velocities of 20 to 60 cm s* (Richardson et
al., 1969).
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Geological evidence for the imprint of near-
bottom currents is provided by sedimentary structures,
bedform geometry, and the grain-size distribution of
near-surface sediments (e.g. Kennedy, 1964; Faugéres
et a., 1984; McCave, 1984; Revel et a., 1996). A cali-
bration to current velocity in the overlying water is
achieved by flow experiments and hydrodynamic mo-
dels (Zanke, 1982; Southard and Boguchwal, 1990).

Water turbulence and near-bottom currents also
affect the benthic biota. Hydraulic energy is considered
as important environmental factor steering the abun-
dance and species composition of current-swept ben-
thic communities (Mullineaux and Butman, 1990; Ber-
tram and Cowen, 1999). The response of benthic fora-
minifera to near-bottom currents has been described in
several studies from the north-eastern Atlantic
(Mackensen et al., 1985; Lutze and Thiel, 1989; Linke
and Lutze, 1993; Schonfeld, 1997, 1998, 2002a). A
guantification of the relationship between epibenthic
foraminiferal abundance and bottom current strength
has been attempted in order to constrain the past bot-
tom current activity (Schonfeld and Zahn, 2000). The
calibration data available to date are rather limited and
show important gaps, in particular at current velocities
higher than 20 cm s* (Schonfeld, 2002a).

The objectives of the GOLDFLOS pilot study are
to describe the varying influence of the near-bottom
current on recent sediments and benthic communities
on a depth transect to the north of Cay Sal Bank, Baha-
mas. The results will reveal whether a relationship ex-
ists between the abundance of passive suspension
feeding benthic foraminifers, a certain grain size distri-
bution of the surface sediment, and near-bottom current
velocity as inferred from previous hydrographic sur-
veys (Richardson et al., 1969). Once the relationship is
assessed, fluctuations of current-sensitive foraminiferal
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1
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assemblages and grain size properties along sediment
cores will depict long-term current variations from the
last Glacial to late Holocene. The results are to be com-
pared with evidences from earlier stable isotope studies
(Lynch-Stieglitz et a., 1999). Subsequent investiga
tions will focus on a quantification of the Florida
Straits throughflow. Ancient current velocities, the
cross section of the sea strait at lowered sea level, and
pal eo-sea surface temperatures from planktonic forami-
niferal census data and alkenones may finally allow ap-
proximations of water mass transport and heat flow
rates during the last Glacial Maximum and Oxygen
| sotope Stage 3.
NW Section | SE

. }

i \120 _/J
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Fig. 3

Morphology and westward current velocities
given in cm s* on the hydrographic ,, Section
I“ (see Fig. 4) at the northern slope of the Cay
Sal Bank (Richardson et al., 1969). Our pro-
posed stations are in the immediate vicinity of
this transect. Note that the depths of actual sta-
tions SO164-09 to SO164-17 differ from this
initial proposal (see Fig. 26).

= 26°N

Fig.4 Bathymetry, bottom
sediments and pro-
posed GOLDFLOS
stations in the sou-
thern Florida Straits.
Section 1 according
i to Richardson et al.
(1969). Note that the
locations of actual
stations SO164-09 to
S0164-17 differ
from this initial pro-
posal (see Fig. 24

- 23°N and 28).
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2. Background

2.1 Modern hydrographic setting in the study
area
D. Nurnberg

Surface currents

The Caribbean hydrography is characterized by the
inflow of surface and intermediate water masses from
the western North Atlantic Ocean (Fig. 5). The Carib-
bean surface water masses are part of the anti-cyclonic
surface gyre, which dominates the subtropical North
Atlantic Ocean. Driven by the eastern trade winds, the
water masses of the North and South Equatorial Cur-
rents cross the North Brasil Current and the Antilles
Current, and enter the Caribbean. They pass the Y uca
tan channel and flow into the Gulf of Mexico (known
as the Loop Current) (Pickard and Emery, 1982). From
there, the Florida Current changes into the Gulf
Stream, which subsequently exits the Caribbean (Wor-
thington, 1976).

Surface current pattern and hydrography are sub-
ject to seasonal fluctuations, which are mainly con-
trolled by the seasonally northward and southward mi-
grations of the Innertropical Convergence Zone
(ITCZ). In accordance with the shift of the thermal

Cruise Report

equator to the south during the northern winter, the
ITCZ islocated south of the Caribbean at ca. 0° to 5°S.
During northern summer, instead, the thermal equator
shifts to the north and the ITCZ migrates across the
Caribbean to about 6° to 10°N. At that time, the Carib-
bean hydrography is characterized by enhanced preci-
pitation and fluvial freshwater supply. Also, the North
Equatorial Counter Current establishes during northern
summer, mainly driven by the combined influence of
the southeast trade winds and the diverting Coriolis
force. It forces equatorial Atlantic surface waters to-
wards the east and causes strengthened inflow into the
Caribbean (Busalacchi and Picaut, 1983; Richardson
and McKee, 1984).

Tropical rivers directly or indirectly drain into the
Caribbean and, thus, influence the hydrography and
chemistry of the Caribbean. The most important Carib-
bean fresh water sources are the Amazon (mean runoff
V, = 17.3*10*m®s"), the Orinoco (V,, =
3.910*m® s, and the Magdalena (V ,, = 0.8¥10*m’s*®;
Milliman and Meade, 1983). The seasona change bet-
ween high and low precipitation propels seasonally va-
rying fluvial supply, which is reflected in seasonally
varying salinity, nutrient concentrations (silicate con-
centrations of 3 to 5 pmol kg™; Froelich et al., 1978;
Morrison and Nowlin, 1982), and portion of terrestrial
material in the Caribbean sea sediments (Milliman and
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Fig.5 Bathymetric chart of the Caribbean schematically showing the surface water mass circulation pattern (accordimg
to Fisher, 1990; Hogg and Johns, 1995; Stramma and Schott, 1999).
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Meade, 1983).

The Caribbean is the source area of warm water
masses leaving the low latitudes via the Florida Straits,
and, thus, effectively promotes the transequatorial heat
transfer to the north (Schmitz and McCartney, 1993;
Schmitz et al., 1993; Sato and Rossby, 1995). The Gulf
Stream System is crucia to the climatic evolution in
high northern latitudes and, thus, to the living condi-
tions in NW Europe. The surface water inflow enters
the Caribbean through passages within the Lesser An-
tilles (Wist, 1964; Stalcup and Metcalf, 1972). The
outflow entirely concentrates on the southern Florida
Strait between Florida Keys and Cuba, and subsequent-
ly to the northern Florida Strait between Bahama Bank
and Florida. This outflow builds the starting point of
the Gulf Stream (Pickard and Emery, 1982; Hogg and
Johns, 1995).

In the framework of the STACS program (Subtro-
pical Atlantic Climate Studies; Molinari et al., 1985b),
the Gulf Stream system in the northern Florida Straits
was focus of intensive oceanographic studies since
1982, leading to definite cognition of water volume,
heat transport, and its short-term variability. The water
volume leaving the northern Florida Straits amounts to
an annual average of 295 and 323 Sv (1Sv =
10°m?s™), with a seasona variability of +1.4 to
+2.2 Sv (Niiller and Richardson, 1973; Schott and Zan-
top, 1985; Larsen, 1992). The mean heat flux is 1.13 to
1.25 * 10"W (Lamb, 1981; Hall and Bryden, 1982;
Molinari et al., 1985a). Current velocities in the center
stream amount to >180 cm s?, while varying between
10 and 20 cm s™ at the sea floor (Leaman et al., 1987).

Intermediate and deep water masses

The Caribbean deep and intermediate water masses re-
cruit themselves from Atlantic water masses, which en-
ter the Caribbean via deep water passages. The nor-
thern inflow takes place via the Windward Passage
(1650 m deep) and via the Anegada Passage (ca.
2000 m deep) (Sturges, 1975; Metcalf, 1976). Water
masses coming from the south enter the Caribbean via
the Antilles passages. North Atlantic Inter-mediate Wa-
ter (NAIW), Upper North Atlantic Deep Water
(UNADW), Mediterranean Outflow Water (MOW) and
Antarctic Intermediate Water (AAIW) serve as main
sources for the Caribbean Deep Water.

AAIW, which is formed at approximately 50°S at
the Antarctic Polar Front, flows northward as a cold,
low saline, but nutrient-enriched water mass at 800 to
1100 m water depth. UNADW is a young, oxygen-rich
and nutrient-poor water mass, which is composed of
contributions of MOW, Labrador Sea water masses and
overflow from the Norwegian-Greenland Sea. MOW is
genereated mainly in the Levantine Basin of the eastern
Mediterranean, where sainity is extremely high due to
high evaporation rates. MOW crosses the Strait of Gi-
braltar and enters the North Atlantic as a salty and nu-
trient-poor water mass (Zenk et a., 1990; Zenk and
Armi, 1990; Bryden and Kinder, 1991; Hinrichsen et
al., 1989; Price et al., 1993).
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UNADW is the mgjor water mass contributing to
the deep Caribbean water masses (Kawase and Sarmi-
ento, 1986). Remarkable salinity minima in the deep
Caribbean, however, point to the fact that apparently
the AAIW contribution is larger than previousy as-
sumed. In the southern Caribbean Basin, it may contri-
bute up to 30 % to the Caribbean Intermediate Water
(Haddad and Droxler, 1996). From theoretical calcula
tions, Worthington (1971) already postulated an AAIW
inflow of 10 Sv into the Caribbean. Asthe Caribbean is
obviously collecting various water masses from the
upper western Atlantic, paleoceanographic data sets
from the Caribbean may help to document the glacial-
interglacial hydrographic and chemica variability of
the deep and intermediate Atlantic Ocean.

2.2 Pleistocene to Holocene paleoceanography,
aworking hypothesis

During Pleistocene to Holocene times, the WAWP re-
mained a dynamic oceanographic feature with implica-
tions for the global oceanographic circulation. Accor-
ding to Blunier et a. (1998) and Rihlemann et a.
(1999), the Atlantic heat transport into high northern
latitudes was closely coupled to northern North Atlan-
tic deep water formation (Keigwin et al., 1991; Driscoll
and Haug, 1998) (Fig. 6). During times of enhanced
melt water supply into the North Atlantic (e.g. Heinrich
events), thermohaline circulation ceased and the trans-
equatoria transfer of warm subtropical waters into the
North Atlantic diminished, causing considerable
cooling in the North Atlantic (Broecker et al. 1985;
Lynch-Stieglitz et al., 1998; Manabe and Stouffer,
1988, 1997; Rahmstorf, 1994; Ganopolski et al., 1998;
Bard et al., 2000). The tropical-subtropical Atlantic, in-
stead, heated up (Mclntyre and Molfino, 1996; Rihle-
mann et a., 1999). In the Caribbean (especially in the
Gulf of Mexico), the slowed surface water circulation
caused considerable piling up of surface waters, which
is reflected in both the deepening of the thermocline
and the steeping of the ocean surface temperature gra-
dient inthisarea.

After the re-initiation of the thermohaline cir-
culation in the North Atlantic, the accelerated outflow
of warm surface waters through the Florida Straits into
the North Atlantic reconstituted (Lynch-Stieglitz et al.,
1998), causing a deepening of the thermocline and the
steepening of the ocean surface temperature gradient in
the Florida Straits, while in the Caribbean, the thermo-
cline shoaled and the temperature gradient was less
established. The enhanced outflow induced an increase
in heat and moisture transport to the north, which
might have favored the rapid and anewed build-up of
ice shields and subsequently, the initiation of new melt
water events in the North Atlantic (Alley and
MacAyeal, 1994).

Indeed, high-resolution paleoceanographic studies
in the western tropical Atlantic refer to synchronous
changes in sea surface temperatures (SST) and deep-
water circulation patterns (Curry and Oppo, 1997).
Early reconstruction of SST in the Caribbean only
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Fig. 6 Schematic diagram illustrating the working hypothesis of the proposed study, which is based on the antiphase-
circulation model of Ruhlemann et a. (1999) and its feedback-mechanisms on tropical sea surface tempera-

tures.

exhibit small SST changes of ca. 1 to 2°C (Prell and
Hays, 1976), while recent studies point to a larger SST
amplitude of ca. 2.5 to 3°C during the last glacial-inter-
glacial transition (e.g., Hastings et al., 1998; Ruhle-
mann et al., 1999) (Fig. 7). Even on short-term time
scales, variations in SST of about 2 to 4°C were des-
cribed, which were related to wind-induced upwelling
and point to causal connections between tropical cli-
mate and Dansgaard-Oeschger oscillations (Hils and
Zahn, 2000). At about 30.000 years BP, Hils (2000)
observed a significant warming in the southern Carib-
bean, which parallels increasing percentages of the eu-
ryhaline planktonic foraminifer G. ruber in the Gulf of
Mexico, indicative for sea surface warming (Kennett et
al., 1985). Contemporaneously, the North Atlantic re-
cords a dramatic cooling in response to Heinrich Melt-
water Event 3 (Chapman and Shackleton, 1998), which
supports the assumption of teleconnections via the ther-
mohaline circulation in the Atlantic Ocean.

Based on d"*C and Cd/Ca studies on benthic fora-
minifers, Boyle and Keigwin (1987), Cofer-Shabica
and Peterson (1986), Oppo and Fairbanks (1987,
1990), Zahn et a. (1987), Curry et al. (1988), Duplessy
et a. (1988), Sarnthein et a., (1994), and Oppo et a.,
(1995) concluded that nutrient concentrations within
the North Atlantic Intermediate Water (NAIW) and
within the Upper North Atlantic Deep Water
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(UNADW) were lower during the Last Glacial Maxi-
mum than today. This is supported by the benthic d**C
profile from DSDP Site 502B (central Caribbean) (de
Menocal et a., 1992). These data document the good
or even improved ventilation of the upper Atlantic and
lowered nutrient concentrations during the Last Glacial
Maximum. Benthic Cd/Ca data from the Caribbean
(KNR64-5-5, 3047 m water depth) also point to glacia
ly reduced nutrient concentrations (Boyle and Keigwin,
1987).

The glacially reduced nutrient concentrations may
be related to three processes:

(1) The reduction of high-nutrient Antarctic Interme-
diate Water (AAIW) flow into the North Atlantic
(which generally contradicts to the hydrodynami-
cally more active glacial Southern Ocean).

Enhanced rates of formation of North Atlantic In-
termediate Water due to the changed density
structure of the glacial subpolar North Atlantic
(Boyle and Keigwin, 1987; Duplessy et al., 1988).

Enhanced impact of Mediterranean Outflow
(MOW) on the hydrography of the shallow North
Atlantic (Zahn et a., 1987; Sarnthein et a., 1994;
Jung, 1996).
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3. Partipicants

Tab.1 TheR/V SONNE crew.

Rank Name Rank Name

Master Andresen, Hartmut Ch. Cook Prammer, Rudolf
Ch. Mate Korte, Detlef 2nd Cook Falk, Volkhard
2nd Mate IAden, Nils Arne Ch. Steward Wege, Andreas
Radio Officer Goldner, Frank Rudiger 2nd Steward Hoppe, Jan
Surgeon \Walther, Anke 2nd Steward Baumgartl, Anja
Ch. Eng. Neumann, Peter-Gerhard Auxiliary Boatsman Schachel, Dirk

2nd Eng. Klinder, Klaus-Dieter Auxiliary Boatsman Bierstedt, Torsten
2nd Eng. Lindhorst, Norman Auxiliary Boatsman Rosin, Peter
Electrician Dammann, Thorsten Auxiliary Boatsman Kuhn, Ronad

Ch. Electron. Angermann, Rudolf Auxiliary Boatsman Etzdorf, Detlef
Electron. Eng Leppin, Jorg Stewardess Droldner, Ellen
Syst. Manager Grossmann, Matthias Auxiliary Boatsman Neitzsch, Bernd
Fitter Stenzler, Joachim Auxiliary Boatsman Reichmacher, Wolfgang
Motorman Zeitz, Holger Auxiliary Boatsman Etzdorf, Detlef
Motorman Kunze, Christian Auxiliary Boatsman Lindemann, Erhard
Motorman Dorow, Dieter

Contact

RF Reedereigemeinschaft Forschungsschifffahrt GmbH,
Haferwende 3, D-28357 Bremen, Germany

page 9



R/V SONNE SO164 (RASTA) Cruise Report
Tab. 2 Scientific participants.

Name Discipline Institute
Beck, Tim, scientist Marine Biology Univ. Tab.
Brughmans, Natasja, scientist Marine Geology GEOMAR
Camoin, Gilbert, Dr., scientist Sedimentology Cerege
Castaneda, Julian Jose, Prof. Dr., observer Oceanography Inst. Oceano. Venezuela
Dullo, Wolf-Christian, Prof. Dr., chief scientist (Leg Il) | Marine Geology GEOMAR
Fessler, Sebastian, technician Marine Geology GEOMAR
Freiwald, André, Prof. Dr., scientist Pal aeontol ogy Univ. Tib.
Gaal, Aron, student Geophysics GEOMAR
Gussone, Nikolaus, scientist Geochemistry GEOMAR
Hansen, Sophie, student Biology GEOMAR
Hippler, Dorothee, scientist Geochemistry Univ. Bern
Hissmann, Karen, submersible assistant JAGO-diving MPI

Kawohl, Helmut, technical advisor Marine technology Marinetechnik
Kuhnt, Wolfgang, Prof. Dr., scientist Palaeontol ogy Univ. Kiel
Lezius, Jeanette, student Geology Univ. Stutt.
LeGrande, Allegra, scientist Geophysics Lamont
Martinez-Mendez, Gema, student Geology Univ. Kidl
Mills, Matthew, Dr., scientist Biol. Oceanography IFM

Mulitza, Stefan, Dr., scientist Marine Geology GeoB

N&gler, Thomas, Dr., scientist Geochemistry Univ. Bern
Neufeld, Sergegj, technician Marine Geology KUM
Nurnberg, Dirk, Dr., chief scientist (Leg |) Marine Geology GEOMAR
Numberger, Lea, student Biology GEOMAR
Petersen, Asmus, technician Marine Geology KUM
Ruhlemann, Carsten, Dr., chief scientist (Leg I11) Marine Geology GeoB
Schauer, Jirgen, submersible pilot JAGO-diving MPI
Schonfeld, Joachim, Dr., scientist Marine Geology GEOMAR
Steingruber, Sandra, Dr., scientist Environm. Sciences LRC
Steinmetz, Marc, photographer Documentation Freelanced journalist
Steph, Silke, scientist Marine Geology GEOMAR
Thiele, Julia, student Marine Geology GeoB
Westphal, Hildegard, Dr., scientist Sedimentology Univ. Han.

Participating companies and institutes

Cerege — Geosciences de |’ environment, Europdle
Méditerranéen de I'Arbois, BP 80, 13545 Aix en
Provence cedex 04, France

GeoB — Univ.ersitédt Bremen, Fachbereich
Geowissenschaften, Klagenfurterstr., D—28359
Bremen, Germany

GEOMAR - Forschungszentrum fr Marine
Geowissenschaften der Christian-Albrechts-
Univ.ersitdt zu Kiel, Wischhofstr. 1-3, D—24148 Kidl,
Germany

Inst. Oceano. Venezuela— Univ.ersidad de Oriente,
Instituto Oceanogréfico de Venezuela, Departamento
de Oceanografia, Cumana-Sucre 6101-A, Venezuela

KUM —Umwelt- und Meerestechnik Kiel GmbH,
Wischhofstral3e 1-3, D—24148 Kiel, Germany

Lamont — Lamont Doherty Observatory, LDEO P.O.
Box 1000, 61 Route 9W, Palisades, NY 10964-1000
USA

LRC - Limnological Research Center, CH-6047
K astanienbaum, Switzerland

Marinetechnik — Am Kreuzkamp 27, D-31311 Uetze,

Germany

MPI — Max-Planck-Institut fir Verhaltensphysiologie
Seewiesen, D—82305 Starnberg, Germany

Univ. Bern — Universitét Bern, Institut fir Geologie,
Baltzerstrasse 1-3, CH-3012 Bern, Sitzerland

Univ. Han. — Universitdt Hannover, Institut fir
Geologie und Paldontologie, Callinstral3e 30, D-30167
Hannover, Germany

Univ. Kidl — Universitét Kiel, Institut fir
Geowissenschaften, Ludewig-Meyn-Stral3e 10,
D-24098 Kiel, Germany

Univ. Stutt. — Universitét Stuttgart, Institut fr
Geologie und Palgontologie, Herdweg 51, D-70174

Stuttgart, Germany

Univ. Tlb. — Universitat Tubingen, Institut fir
Geowissenschaften, Sigwartstr. 10, D—72076
Tibingen, Germany
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Fig. 8
4. Narrative of the cruise SO164 (RASTA)

4.1 Leg 1. Balboa — Guadeloupe (RASTA TP2)
D. Nurnberg

During the cruise SO164 (Fig. 9) Leg 1, marine-geolo-
gical studies were carried out in the Colombian and
Venezuelan basins (southern Caribbean), in the Florida
Straits, and within the Windward Passage close to the
Bahamas. The intention of the studies were to recon-
struct ocean surface temperatures and the thermocline
depth, and to assess the strength of the West Atlantic
Warm Pool through time.

Geological sampling was carried out by piston co-
rer, gravity corer, box corer and multicorer. At most
stations, CTD, water sampler, and in situ pumping sys-
tems were deployed in order to sample the water co-
lumn.

The cruise started at Balboa (Panama) on May

Cruise Report

23, 2002, after crew exchange and having loaded
three containers with scientific equipment. The en-
trance into the Panama Canal locks started during late
evening of May 23", 2002. Due to heavy fog within the
Canal, the passage did not commence before early
morning of May 24" 2002. The passage of Panama
Canal took 7 hours. The following 430 nm transit to the
first station with the Colombian Basin was used to set
up the labs and get familiar with the ship”s equipment.
The first station (SO164-01) at ca. 4000 m water
depth was reached on May 25", 2002. During the next
days, five stations were positioned at shallower water
depths along the Beata Ridge (SO164-02 at ca
2980 m, SO164-03 at ca. 2740 m, SO164-04 at ca
1015 m, SO164-05 at ca. 310 m, SO164-06 at ca
1010 m). Site locations were selected by using the
echosounding facilities of R/V SONNE (SIMRAD,
PARASOUND). The maximum core recovery of about
13 m on this transect will presumably cover ca

" Bahamas
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Fig.9 Cruise track of R/V . SONNE during SO164 (RASTA). Stippled areas indicate territorial waters and/or
exclusive economic zones of various Caribbean states, where marin-geological studies were performed.
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450.000 years of earth history.

After finishing work in the Colombian Basin, R/V
SONNE headed towards the Windward Passage. The
distance was about 450 nm. The time during transit
was used to open, to describe, and to log the sediment
cores. On May 30", 2002, work at station SO164-07
close to the Bahamian island Inagua commenced at a
water depth of 2720 m. According to our preliminary
stratigraphy, the ca. 13 m long sediment core shows re-
latively high sedimentation rates and will presumably
allow to perform high-resolution studies within Oxy-
gen Isotope Stage 3.

Subsequently, R/V SONNE steamed for about
380 nm and reached the Florida Straits on June 1%,
2002. An intense working program was carried out
close to Cay Sal Bank within the framework of
GOLDFLOS, a pilot study attached to RASTA (sta-
tions SO164-08 to SO164-17). Prior to coring, de-
tailed bathymetric mapping of the study area was car-
ried out. In total, 11 runs of grab sampler and box corer
recovered undisturbed surface sediment samples. Four
deployments of the gravity corer (3 m length) were un-
successful due to the sandy sediment and, possibly,
hard rock outcrops. Below ca. 800 m water depth, the
sediment facies improved and we recoverd 2 piston
cores. At a key location within the Florida Straits,
piston coring provided a ca. 12 m long sediment core
(SO164-17).

The following 380 nm-return trip via the Bahama
Channel towards the Windward Passage allowed to
continue the processing of sample material. On June
3, 2002, we started the detailed bathymetric SIMRAD
mapping of a submarine plateau within the Windward
Passage close to our previous station SO164-07. The
echosounding systems aboard R/V SONNE allowed to
exactly position our piston corer at the top area of the
submarine plateau in ca. 1600 m water depth
(SO164-18, S0164-19). Based on first shipboard
stratigraphical studies, the longest sediment core ap-
proximatly covers 800.000 years of climate and oce-
anographic history.

After having finished our work within the Wind-
ward Passage, R/V SONNE moved to the Venezuelan
Basin (480 nm transit). On June 6", 2002, station work
started on Beata Ridge (SO164—20) at ca. 3350 m wa-
ter depth. Three stations followed on a W-E-trending
profile across the Venezuelan Basin in 4000 to 4500 m
water depths. Core recovery exceeded 18 m. The last
site within the Venezuelan Basin was located on Aves
Ridge at ca. 1540 m water depth (S0164-24). Work in
the Venezuelan Basin finished on June 9", 2002.

The last coring site during SO164 Leg 1 was car-
ried out east of Martinique within the central Atlantic
at ca. 2720 m water depth (SO164—25), where we reco-
vered a 20 m piston core. The scientific program of
Leg 1 was finished on June 11™, 2002, and we subse-
guently headed towards Guadeloupe (Lesser Antilles),
where crew exchange took place on June 2002.

During Leg 1, the ship travelled approximately
3600 nm. Studies were performed within territorial wa-
ters or economic zones of 7 states (Bahamas, Bar-
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bados, Columbia, Dominican Republic, France, USA,
Venezuela). In total, we carried out 13 CTD, 9 fluoro-
meter, 14 multicorer, 1 grab sampler, 10 box core, 8
gravity core, and 14 piston core deployments. The suc-
cessful accomplishment of our scientific program
would not have been possible without the professional
help of the captain and the crew of R/V SONNE.

4.2 Leg 2. Guadeloupe—Martiniqgue (RASTA
TP1)
W.-Chr. Dullo

The second Leg of RASTA concentrated on sea level
changes and the carbonate production on the present
shelves of Guadeloupe and Martinique. For this reason
we loaded the small submersible JAGO which arrived
from Europe in Guadeloupe in time, athough there
were extreme delays in regard to the container transport
in Portuguese harbours. Due to the effort of the JAGO-
nauts (K. Hissmann and J. Schauer) we achieved a
mobilisation of the submersible in time. We left Point a
Pitre on June 12", 2002, at 8:00 am., to start our en-
visaged work on the South-east and shelf of Gua
deloupe. We started to perform hydro-acoustic mea-
surements using the PARASOUND and swath bathy-
metry. We discovered very quickly a prominent shelf
break in between 60 and 80 m of present day water
depth. Thisterrace level seemsto be characteristical for
the entire Caribbean area and presumably it was
formed during the Isotopic Stage 3. From this promi-
nent shelf edge the slope deepens down to 650 m and
even down to 800 m. We took sediment cores from
some of the sediment filled channels, cutting through
the margin. The recovery was poor due to the composi-
tion of the sediment which was partly lithified. Box
cores from the South-east shelf and from the Banc Co-
lombie which represents a drowned plattform reco-
vered a tremendous amount of lithified carbonates and
skeletal benthic organisms, including large corals. For
this reason, we decided to change our sampling strate-
gy and continued running a series of box cores. During
this first week, we performed a first test dive with
JAGO on Banc Colombie which showed that there is
only avery thin sediment cover of unlithified carbonate
silt and ooze. Again, box coring in this area was very,
very successful.

On Saturday, June 15", 2002, we were able to
launch the submersible JAGO on the southern shelf
margin of Guadeloupe, South-west of the Iles de Petite
Terre. Wind regime and swell was moderate. The shelf
margin at between 70 to 90 m water depth drops down
to 160 m forming an amost vertica cliff. The slope
then gently dept down to 250 m having a decreasing in-
clination wich ended at around 35°. We started with the
profile at the sediment slope which showed sporadic
carbonate material, derived from shallow water envi-
ronments. Furthermore, we observed reef out runners
which are huge blocks composed of cemented shallow
water reef carbonates. These blocks, themselves, form
a substratum for deep water biota. The submarine wall
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above 150 m of present day water depth exibits distinct
karst features. We observed larger caves at around
130 m and they continued up to 100 m of present day
water depth. In this depth we discovered sclerosponges
which were one of the targets of the cruise. These
sponges represent a very interesting and important cli-
mate archive which hosts several hundret years of pro-
xydata. The second dive concentrated almost entirely
around the bathymetry of the occurrence of these scle-
rosponges. The third dive was then performed to reveal
some details around the Banc Colombie which is loca
ted South of Guadeloupe and West of Marie Gaante.
This dive concentrated on the two terraces which were
discovered in PARASOUND tracks. Both terrace sys-
tems exibit clear signs of karst features. The coring
around the shelf slopes was very difficult. We reco-
vered alot semi-lithified carbonate sediments and some
ash layers. Therefore, the cores were short.

We performed two CTD stations around the area
where the dives completed our work around Guade-
loupe. In the night of Monday, June 17", 2002, we
started to run the hydro-acoustic mapping on the nor-
thern shelf of Martinique in order to check for box
coring and gravity coring sites. The recovery of the
gravity cores was not very well athough the water
depth was sufficient to expect soft sediments. Penetra-
tion was prohibited due to severa ash layers and fre-
quently occuring cemented carbonate pebbles. In the
leeward margin of the submerged bank North-west of
Martinique we were able to recover longer cores. They
showed turbidites or graded beds on the windward
margin; we were able to get material by using the box
corer. They brought a huge variety of carbonate debris
on board. The box coring around the margin and on top
of the margin of the submerged bank was very suc-
cessful. We discovered drowned reefs with corals and a
tremendous amount of incrusting coraline algae.

Unfortunately, we were not able to launch the
JAGO due to rough weather conditions and an addi-
tional forcing of along and very strong Atlantic swell.

page 13

Cruise Report

Two CTD measurements around the bank completed
the program. Although we were a bit disappointed for
not having had the chance to deploy JAGO again, the
scientific results achieved by using the submersible in
connection with the box coring were very successful.
For the first time, a submerged bank in the Lower An-
tilles was completely sampled and we got a tremen-
dous insight into the geometry and architecture of the
drowned reefs around the Banc. Due to the perfect ef-
fort of the JAGOnauts and the captain of the research
vessel SONNE as well as his crew we got the samples
we planned to receive and we finished the second Leg
with very good resullts.

4.3 Leg 3: Martinique— Balboa
C. Rihlemann

R/V SONNE departed the port of Fort-de-France on
Martinique at 7:00 am. on June 22", 2002, for the re-
turn cruise to Balboa, the starting point of the SO164
expedition. The scientific shipboard party included se-
ven scientists from the GEOMAR, three scientists from
the University of Bremen, and one scientist each of the
University of Tabingen, the Institut fir Meereskunde
of Kiel, and the University of Bern. During the five
days transit of thislast cruise of the RASTA project we
opened and sampled nine sediment cores that were re-
trieved on the preceding legs. Concurrently we started
to store the sampling devices, working material, and
sediment and water samples as well as to save electro-
nic data. The last days were dedicated to document the
scientific results of the SO164 expedition in a prelimi-
nary cruise report. At 7.00 am. on June 25", 2002, R/V
SONNE reached Cristobal and started the transit
through the Panama Canal on 6.00 p.m. Shortly after
midnight on June 26", 2002, we arrived in Balboa
where cruise SO164 ended as scheduled.



