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“Overhead the albatross hangs motionless upon the air
And deep beneath the rolling waves
In labyrinths of coral caves
The echo of a distant time
Comes willowing across the sand

And everything is green and submarine...

Echoes by Pink Floyd, 1971






Abstract/Kurzfassung

ABSTRACT

Over the past decade large carbonate mound
structures, situated in several provinces
along the European continental margin have
been discovered in 600 to 1200 m water
depths. These structures appear as single,
conical or ridge-like features, which are
often colonised by a deep-water coral eco-
system. Cold-water corals Lophelia pertusa
and Madrepora oculata dominate the coral
community. Associated sessile and vagile
fauna, like sponges, soft corals, bivalves,
gastrodpods, crinoids, brachiopods, and fish
make these bioherms as diverse as their
tropical counterparts.

The objective of this study is to recon-
struct past environmental settings locked in
the sediments of a carbonate mound in the
northern Porcupine Seabight, west off Ire-
land. Detailed investigations were concen-
trated on seven 3.5 to 6 m long sediment
cores, retrieved from Propeller Mound and
its closer vicinity. This mound is a ~150 m
high structure within the Hovland Mound
province, a cluster of several sea-floor pro-
truding carbonate mounds.

A first detailed analysis on benthic fora-
miniferal assemblages in the vicinity of a
carbonate mound was performed on two
sediment cores, one located on top of the
mound and a second one from an off-mound
position further north as control site.

The off-mound samples reveal two dif-
ferent assemblages: (1) an [Interglacial
group dominated by infaunal species re-
flecting present-day environmental and
oceanographic conditions with high nutrient
flux to the sea-floor and low sediment ac-
cumulation under a strong hydrodynamic
regime, and (2) a Glacial group, dominated

by cassidulinid species, which describe an
influence of polar conditions with low nutri-
ent supply and cold intermediate waters.

A single species, Elphidium excavatum,
dominates the lower core section and is de-
scribed here as a species displaced from
shallow shelf areas. This removal of sedi-
ments from the shelf is related to a first ad-
vance of the Irish Ice Sheet onto the Irish
Mainland shelf, inducing high sedimentation
rates of ~28 cm/kyr with a coeval sea-level
drop of ~50 m during Late Marine Isotope
Stage (MIS) 3.

Due to an incomplete stratigraphic record
in the on-mound core, the same species of
the off-mound assemblages have been
grouped in on-mound samples. The results
indicate a dominance of the Interglacial
group, whereas the Glacial group is less
abundant throughout the entire core. This
pattern indicates the lack of glacial time
intervals in the on-mound core, which is
coherent with stable oxygen isotope data and
U/Th dates on coral fragments, presenting
only interglacial/-stadial values and ages.

A third assemblage is abundant in sam-
ples of the on-mound core showing elevated
epibenthic species not occurring in off-
mound samples or only to a minor degree.
This Mound group shows a great affinity to
strong currents, high nutrient availability and
is supposed to indicate Mediterranean Out-
flow Water in the northern Porcupine
Seabight, as well as a higher coral cover on
Propeller Mound in an earlier interglacial
period. A Late Pleistocene decline in mound
growth for Propeller Mound is suggested by
a decrease of the Mound group towards the
Holocene, which might face its complete
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burial in the future as this already happened
to the buried mounds of the Magellan
Mound province further north.

Detailed information on off-mound
sediment structures and contents from visual
core description and the interpretation of
Computer Tomographic images were used
to evaluate sedimentary processes in glacial
and interglacial periods. The sediments
portray the depositional history of the past
~31 kyr BP, mainly controlled by sea-level
fluctuations and the climate regime with the
advance and retreat of the Irish Ice Sheet
onto the Irish Mainland Shelf.

A first advance of glaciers is indicated by
a turbiditic release slightly older than
31 kyr BP, coherent with Heinrich event 3.
During MIS 3 and MIS 2 shelf erosion
prevailed with abundant gravity flows and
turbidity currents. A change from
glaciomarine to hemipelagic contourite
sedimentation during the onset of the
Holocene indicates the establishment of the
strong, present-day hydrodynamic regime at
intermediate depths.

II

A general decrease in sediment accumu-
lation with decreasing distance towards Pro-
peller Mound was discovered throughout the
entire core sections. This suggests that cur-
rents (turbidity currents, gravity flows, bot-
tom currents) have had a strong impact on
sediment accumulation at the mound base
for the past ~31 kyr BP.

Finally, the reconstructed environmental
setting deduced from sedimentary and mi-
cropaleontological analyses portrays the
boundary conditions of the habitable range
for the cold-water coral Lophelia pertusa.
The growth of this ecosystem occurs during
interglacial and interstadial periods, whereas
a glacial retreat of corals is documented in
the absence of glacial sediments in the on-
mound core. These conclusions are summa-
rised in a model — the Mound Factory —
which efficiently accounts for the mound
development covering the period of the
Northern Hemisphere Glaciation (past
3.1-2.5 Ma).
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KURZFASSUNG

Im Laufe der letzten 10 Jahre wurden grof3e
Karbonathuigel-Strukturen, sogenannte
carbonate mounds, entdeckt, die sich in einer
Wassertiefe von 600 bis 1200 m entlang des
europaischen Kontinentalhanges erstrecken.
Diese Karbonathuigel treten als einzelne,
teils konische, teils langgestreckte Gebilde
auf, die zumeist von Kaltwasserkorallen
besiedelt sind. Neben den beiden domi-
nierenden Kaltwasserkorallen Lophelia
pertusa und Madrepora oculata sind zudem
zahlreiche sessile und vagile marine
Organismen vertreten: Schwamme,
Weichkorallen, Muscheln, Schnecken, See-
lilien, Brachiopoden und Fische. Zusammen
bilden sie eine Gemeinschaft, die eine
dhnlich hohe Diversitat aufweist wie die
weitaus bekannteren tropischen Korallen-
riffe.

Die vorliegende Arbeit hat sich zum Ziel
gesetzt, die vergangenen Umweltbe-
dingungen der nordlichen Porcupine Sea-
bight (westlich von Irland) anhand von
Sedimentkernen zu rekonstruieren. Die
Kerne wurden vom Propeller Mound
gewonnen, der mit 150 m einen der groften
und meistbeprobtesten Karbonathugel
innerhalb der Hovland Mound Provinz im
Norden der Porcupine Seabight darstellt.

Die Vergesellschaftung von benthischen
Foraminiferen wurde an zwei Sediment-
kernen untersucht: ein Kern vom Propeller
Mound (on-mound) und ein zweiter, weiter
nordlich gelegener Referenzkern (off-
mound).

Die Untersuchungen des off-mound
Kernes lassen zwei unterschiedliche Verge-
sellschaftungen erkennen: (1) eine inter-
glaziale, von endobenthischen Foraminiferen
dominierte Gruppe, die den heutigen

Umweltbedingungen (rezentes Stromungs-
muster mit erhohten N#hrstoffflul zum
Meeresboden, niedrige Sedimentakkumula-
tion aufgrund starker Stromungen) angepal3t
ist, und (2) eine
cassidulinoiden dominierte Gruppe, die die

glaziale, von

Situation unter polaren Bedingungen (kalte
Zwischenwassermasse und geringes Nahr-
stoffangebot) widerspiegelt.

alteren
Kernabschnitt des spaten Marinen Isotopen
Stadiums 3 (MIS 3, ~31000-24000 Jahre vor
Heute; J.v.H.) die Art Elphidium excavatum

Desweitern wurde im

identifiziert, die eine vom Schelf exportierte
Flachwasserart darstellt. Diese weist auf eine
erhohte Schelferosion hin, zuriickzufuhren
auf den Vorsto} der Irischen Eismasse auf
den Schelf und einem koharenten Meeres-
spiegelrickgang von ~50 m.

Aufgrund einer unvollstindigen
Stratigraphie in den on-mound Sedimenten,
wurden die off-mound identifizierten
Vergesellschaftungen auf den on-mound
Kern ubertragen. Diese Untersuchung zeigt
eine Dominanz der Interglazialen Gruppe
und weist auf das Fehlen von glazialen
Intervallen im on-mound Kern hin. Diese
stabilen

U/Th

Beobachtung wird von den
Sauerstoffisotopen und den
Datierungen unterstutzt.

Desweitern zeigt der on-mound Kern ein
erhohtes Auftreten von epibenthischen
Arten, die in den off-mound Sedimenten
einen hochstens sehr geringen Anteil
ausmachen und deshalb zu der Mound
Gruppe zusammengefasst wurden. Diese
Gruppe ist abhidngig von starken
Stromungen und einem hohen Nahrstoff-
angebot und zeigt moglicherweise das
Auftreten von Mediterranem Ausstrom-
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wasser an. Da die Arten dieser Gruppe an
erhohtes Substrat gebunden sind, das die
Korallen ermoglichen, konnen sie als Indiz
fur eine hohere Korallenbedeckung wahrend
eines fruheren Interglazials angesehen
werden. Eine generelle Abnahme der Mound
Gruppe zum Holozidn weist auf einen
moglichen Riickgang des Moundwachstums
wiahrend des spaten Quartérs hin.

Um die Sedimentationsprozesse inner-
halb glazialer und interglazialer Abschnitte
von off-mound Kernen zu untersuchen,
wurden neben Kernbeschreibungen auch
computer-tomographische Aufnahmen ge-
nutzt. Diese Sedimente zeigen die
Sedimentations-geschichte der vergangenen
~31000 Jahre, welche hauptsédchlich durch
Meeresspiegel-schwankungen und den
VorstoB bzw. Riuckzug des Irischen
Eisschildes auf den Schelf kontrolliert
wurde.

Einen Hinweis auf einen ersten Vorstof3
der Gletscher gibt ein Turbiditereignis in
zeitlicher Ubereinstimmung mit dem
Heinrich Ereignis 3 (>31000 J.v.H.).
Anhaltende Dichte- und Turbiditstrome
fuhrten zur Schelferosion wiahrend der MIS

v

3 und 2. Ein Wechsel von glazialer zu
hemipelagischer Sedimentation zu Beginn
des Holozan weist auf das Einsetzen des
heutigen, starken Stromungsregimes in
mittleren Tiefen hin.

Alle untersuchten off-mound Kerne
zeigen zunehmende Sedimentationsraten mit
groBer werdender Distanz vom Propeller
Mound und deuten auf einen erhohten
EinfluB der Stromung auf den Ful} des
Propeller Mounds hin.

Abschliessend konnen mit Hilfe der
Rekonstruktion von Umweltbedingungen
Aussagen uber die Verbreitung der
Kaltwasserkoralle Lophelia pertusa gemacht
werden. Waiahrend sich diese in
interglazialen und interstadialen Phasen
ausbreitete und somit zum Moundwachstum
fuhrte, 148t das Fehlen von glazialen
Sedimenten in dem on-mound Kern auf den
Ruckzug ihrer Verbreitungs-grenze im
Glazial schliessen. Diese Riickschlisse sind
in einem Modell — dem sogenannten Mound
Factory — zusammengefasst, das wesentlich
zum Verstindnis der Moundentwicklung
wihrend der Nordhemispharen-Vereisung
(3,1-2,5 Millionen Jahre) beitragt.
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Chapter 1 — Introduction

CHAPTER 1

INTRODUCTION

1.1 Aim of study and structure of
thesis

Carbonate mounds situated along the Euro-
pean continental margin have been studied
in detail during the past decade within sev-
eral projects. This thesis originated from the
OMARC project ECOMOUND funded by
EU 5" Framework Programme during the
years 2000-2003. The aim of this project
was to investigate the external oceano-
graphic control and forcing mechanisms on
carbonate mound and carbonate build up
formation. Target areas of ECOMOUND
were the Porcupine Seabight (PSB) margins,
along the Rockall Trough, and sites in the
very north offshore Norway, where clusters
of carbonate mounds occur, densely settled
by cold-water coral ecosystem.

These deep-water coral reefs are domi-
nated by scleractinian corals Lophelia
pertusa and Madrepora oculata, and to a
minor degree by Desmophyllum cristagalli.
The research history of the dominating L.
pertusa is subject of Chapter 1.2 including
its geographical distribution along the Euro-
pean continental margin and the geological
record of this coral.

Major research object of this thesis is the
Propeller Mound, a carbonate mound in the
Hovland mound province of the northern
PSB (Chapter 1.3.3). A regional overview of
the Sea Bight with a brief description of its
evolution during Paleozoic and Cenozoic
times is presented in Chapter 1.3.1.

The carbonate mounds are not randomly
distributed but occur in high densities in

distinct provinces of the PSB. These mound
provinces show similarities but also differ-
ences in size, morphology and the
settlement of benthic species, which is given
in a detailed summary of Chapter 1.3.2. Re-
cent studies on L. pertusa indicate that the
corals occur only during interglacial/-stadial
times along the European continental mar-
gin (see Chapter 3). To determine limiting
factors of coral and mound growth, it is nec-
essary to obtain a detailed knowledge of the
glacial setting and oceanography west off
Ireland, which is exemplarily reviewed for
the last glacial stage covering Marine Iso-
tope Stages (MIS) 2 to 4 (Chapter 1.4). The
present-day distribution of water masses,
their hydrodynamic regime and the general
environmental setting within the PSB are

summarised in Chapter 1.5.

Several sediment cores have been re-
trieved from Propeller Mound and the
surrounding area (Chapter 2.1). All analy-
ses, summarised in Chapter 2.1 and 2.2,
were used to differentiate between ‘on-
mound’ cores (sediment cores containing
coral fragments) and ‘off-mound’ cores
(‘normal’ hemipelagic sediment cores).

The off-mound sediments provide infor-
mation on environmental changes during the
last glacial-interglacial cycle. These sedi-
ments have been compared to on-mound
sediments from the top of Propeller Mound.
Their differences are used to define control-
ling or limiting factors of mound growth and
evolution of Propeller Mound for the past
200,000 years.

Chapter 3 presents a manuscript in which
a detailed investigation on benthic fora-

1
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miniferal assemblages from on- and off-
mound cores characterises varieties of the
two different settings. The study presents
the first down core results of faunal analysis
in the northern PSB.

Chapter 4 is dedicated to the sedimentary
setting around the Propeller Mound indi-
cating changing current strength intensities
and the influence of the nearby British Irish
Ice Sheet covering most of Ireland during
peak glacial times. These studies have been
reported from areas further south or north,
but not within the PSB.

The combination of all results and their
interpretation with respect to environmental
changes in the course of glacial-interglacial
times finally results into the growth history
of Propeller Mound (Chapter 5). This manu-

1.2 General notes on Lophelia
pertusa and its distribution in
the NE Atlantic

1.2.1 Lophelia pertusa (Linné 1758)

L. pertusa is the most abundant deep-sea
coral in the NE Atlantic. Carl von Linné
already described this species in 1758 in the
10™ edition of Systema naturae —Tomus I:
Regnum animale. Early scientific publica-
tions of the 19" century reported on deep-
water reef structures in Norwegian waters
(e.g. Sars, 1865). These were subject of de-
tailed investigation in the early 20" century.
Numerous scientific publications describe
both living and dead coral banks along the
Norwegian coast (summarised in Dons,
1944), but also of coral patches along the
western European continental margin (Jou-
bin, 1922). Teichert (1958) presented
detailed maps showing the distribution of
living and sub-fossil coral banks along the
Norwegian coast and of coral patches along

script presents first insights of a detailed
stratigraphic record of a carbonate mound
and shows for the first time, how such a
carbonate mound developed through time.

Chapter 6 summarises main conclusions
in a model describing the growth and evolu-
tion of Propeller Mound and other mounds
of the northern PSB. The development of
Propeller Mound, which is entirely forced
by environmental conditions for the investi-
gated time scale, is compared with other
carbonate mounds along the European con-
tinental margin.

Finally, this thesis focuses on objectives
of ECOMOUND project and presents addi-
tional knowledge and understanding of
carbonate mounds and their evolution
through Late Pleistocene time.

the slopes off France and Ireland (Fig. 1-1).
He broadly summarised some environmental
aspects on coral banks and patches like (1)
the high benthic diversity at these sites, (2)
the temperature as a limiting factor for coral
distribution, and (3) special oceanographic
conditions for the development of aher-
matypic coral banks. But these interpre-
tations remained sketchily.

Teichert (1958) also described first hu-
man impacts on deep-water coral banks as
these occurrences have long been known to
Norwegian and French fishermen, while fish
are plentiful in the vicinity of these coral
banks. The coral reefs, however, are also
destructive to their fishing gear. Nowadays,
the interpretation of the destructive behav-
iour of coral banks to fishing gear is
nowadays better described reversed, as the
deep-fishing trawlers actually damage the
coral reefs ecosystem (Hall-Spencer et al.,
2001). As these coral reef ecosystems are
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Figure 1-1. Distribution of deep-sea coral banks and patches along the European continental
shelf as reported from early to middle 20" century (from Teichert, 1958).

known to be very important for fish recruit-
ment and therefore necessary for fish
populations to recover, a series of cam-
paigns started in the past years to actively
save these unique reef structures (e.g.
OSPAR Commission, Www.ospar.org).

The deep-sea coral L. pertusa belongs to
the scleractinia (stone coral) and lacks pho-
tosymbionts in its endodermal tissue (a-
zooxanthellate coral). A wide variety of
different morphotypes of L. pertusa is re-
1998). Intraspecific
variations are described such as the branch-
ing pattern (zig zag; Fig. 1-2; or dendroid),
the shape and thickness of corallites, and the

ported (Freiwald,

soft tissue colouration (white, yellowish,
orange-reddish to pink: Fig. 1-2). Lophelia
species often occur together with Madre-
pora oculata and Desmophyllum species,
but the latter is never found alone in a coral
framework and is less abundant (Frederik-
sen et al., 1992; Rogers, 1999).
Azooxanthellate corals are globally
found in a wide bathymetric range (0-6200
m), bathing in temperatures between 1° to

29°C (Stanley and Cairns, 1988). Only 25 %
of azooxanthellate corals are colonial or
pseudocolonial. Pseudocolonial corals pro-
duce their skeleton by clonal reproduction of
polyps, which live as individuals without

Figure 1-2. Zig-zag branching Lophelia
pertusa from (Photo: A. Freiwald)

any interconnected neural network (Frei-
wald, 1998). L. pertusa is one of the few
pseudocolonial species able to create a rigid

3



Chapter 1 — Introduction

framework (Fig. 1-3). It requires a hard sub-

strate to settle on, normally in an

environmental setting with low sediment
deposition (Freiwald, 1998). These hard
substrates can be of various origins: out

Figure 1-3. Underwater photo of life and
dead corals from top of a carbonate mound,
NW Porcupine Bank (Freiwald and Ship-
board Party, 2002).

cropping rocks, moraine boulders, iceberg
released dropstones, levees created by
ploughing icebergs, biogenic hardgrounds or
even artifical substrates (wrecks, fishing
gear, cables, oil rigs). Compared to other
deep-sea corals, Lophelia is reported in a
smaller temperature range of 4° to 12°C and
shallower waters of 250 m to 1200 m along
the margin from Norway to Portugal (e.g.
Freiwald, 2002). Until now, the full extent
of geographic distribution of L. pertusa is
unknown. About 95 % of Lophelia’s global
documented occurrence appears in the N
Atlantic region (Wheeler et al., subm.;
Fig. 1-4). The remaining 5 % correspond to
occurrences in the Caribbean, the S Atlantic,
and the Indian and Pacific Oceans. How-
ever, this distribution mirrors the intense
investigation by scientists, military and oil
industry along the N Atlantic shelves.

Figure 1-4. Present-day documented distribution of L. pertusa (from Freiwald, 2002; data

source: see Rogers, 1999).
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1.2.2 Deep-water coral structures

Until now, several different terminologies of
deep-water coral structures appear in the
literature, such as coral patches, coral thick-
ets, coral banks, coral reefs, coral reef
mounds, coral mounds, carbonate mounds
or bioherms (see review of Freiwald, 2002
and references therein).

Lophelia larvae settle on elevated hard
substrates and start to grow, when strong
currents prevent the deposition of fine-
grained deposits. Under ideal conditions, the
coral starts to grow to form a colony (Frei-
wald, 2002). Further development is
characterised by an outer ring of younger
satellite colonies, which can reach a maxi-
mum height of 1 m and a width of 1.5 to
2 m, typically as cauliflower-like structures
(Freiwald, 1998). With increasing size of
Lophelia colonies, the lower, initial part gets
vulnerable to infestation of boring organ-
isms. Mechanical breakdown (bioerosion) is
the result, which produces a coral rubble
layer around the colony, while the satellite
colonies continue to grow. The coral rubble
zone serves as new substrate for larvae to
settle. Wilson (1979) describes this stage as
coral thickets, rarely exceeding 6—8 m in
diameter. Continuing growth of these thick-
ets to a size of 10 to 50 m across and an
elevation of 1.5 m above the surrounding
sea-floor have been described on Rockall
Bank as coral patches (Wilson, 1979).

Coral banks (Teichert, 1958) or coral
reefs (Rogers, 1999) represent the final
evolutionary step in the formation of a deep-
water coral buildup (Freiwald, 2002). A
coral bank is principally characterised by a
cap of living coral colonies usually on the
top and on its upper flanks (Mortensen et al.,
1995). The living corals rest on a dead coral
framework, which itself overlies a zone of
dead coral debris within hemipelagic sedi-
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ments. High-elevated mounds with living
coral ecosystem on their top and upper
flanks have been subject of intense research
during the past decade. The discovery of
these mounds in distinct provinces along the
slopes of Rockall Trough (Fig. 1-5) and
Porcupine Seabight started the ongoing de-
bate about their origin and genesis. A
number of studies positively correlate the
environmental controls of distinct oceano-
graphic and hydrographic factors to the dis-
tribution of Lophelia reefs (Teichert, 1958;
Frederiksen et al., 1992; Freiwald et al.,
1997; Freiwald, 1998; 2002; Rogers, 1999).

Figure 1-5. A high elevated carbonate
mound from the northern Porcupine Bank
margin, vertical exaggeration is 1:10 (from
Kenyon et al., 2003).

Another theory relates the occurrence of
Lophelia to an endogenous control through
gas seepage (methane) from sediments be-
low (Hovland, 1990). This theory probably
plays an important role for initial mound
growth (substrate stage) on authigenic car-
bonate crusts or microbially induced
biogenic crusts (Hovland et al., 1994; Hen-
riet et al., 1998; 2002). To solve this
problem, a deep drilling survey is necessary
to obtain information from the mound base.
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1.2.3 Geological record of Lophelia

First fossil occurrence of Lophelia is docu-
mented from the Paleocene of Seymour
Island, Antarctica (Filkorn, 1994). Squires
(1957) reported of occurrences of Lophelia
from Eocene sediments in the Gulf Coast
and later of a preserved Lophelia buildup
from a Late Miocene deposit on southeast-
ern New Zealand’s North Island (Squires,
1964). Nearby the Late Miocene build-ups,
Lophelia thickets of similar dimension are
described from mudstones of Late Pliocene
age (Vella, 1964).

First appearance of Lophelia pertusa in
the N Atlantic region has been found in sev-
eral outcrops of Pliocene age along the
Messina Strait, Mediterranean Sea (Frei-
wald, 2002). Further east, Late Pliocene to
Early Pleistocene Lophelia thickets have

1.3 Study Area: the Porcupine
Seabight

1.3.1 Regional setting and geological
history of the Porcupine Seabight

The study area is located in the Porcupine
Seabight (PSB), which is a N-S oriented,
amphitheatre like embayment located in the
NE Atlantic Ocean west off Ireland between
50° to 54°N and 10° to 15°W (Fig. 1-6). It is
surrounded by the Irish Mainland shelf to
the east, the Slyne Ridge to the north, the
Porcupine Bank and Ridge to the NW-W
and widens to the south into the Porcupine
Abyssal Plain. The water depth increases
from >200 m of the shallow shelf areas to
>3000 m in the southwest. The slopes at the
eastern and western flank of the PSB are
generally steep with 2-3°, but decrease in
the northern part. To the southeast, the
Gollum channels cut into the slope and the
deeper Porcupine Basin as indicated by deep
E-W oriented canyons (Fig. 1-6).
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been reported from Rhodes (Hanken et al.,
1996) preserved as in situ colonies or coral
rubble in limestone marl. At this time (Late
Pliocene) the appearance of Lophelia in-
creased rapidly in the Mediterranean area.
Abundant Lophelia deposits often coincide
with glacial periods during the Pleistocene
(Delibrias and Taviani, 1985), whereas to-
day only a few places in the Mediterranean
Sea are known, where life Lophelia exists.
De Mol et al. (2002) have suggested that
Mediterranean Outflow Water has trans-
ported larvae of deep-water corals from the
Mediterranean Sea into the NE Atlantic to
initiate the formation of various mound
provinces in different geological times. This
hypothesis has yet to be tested through deep
drilling of these mounds.

Figure 1-6. Bathymetric map of the Pocu-
pine Seabight, NE Atlantic Ocean (GEBCO,
1997).



The origin and evolution of the PSB is
complex influenced by several episodes of
rifting, sea-floor spreading dynamics of the
N Atlantic, basin wide thermal subsidence
and the Alpine orogenesis (McCann et al.,
1995). Possible minor rifting occurred al-
ready during the Late Triassic (~220 Million
years ago (Ma)), followed by intrabasinal
uplift of the Porcupine Basin during the
Middle Jurassic (~160 Ma; Doré et al.,
1999).

The most significant phase of crustal ex-
tension is reported for the period of Late
Jurassic to Early Cretaceous, 150-100 Ma
(McDonnell and Shannon, 2001), when the
Atlantic sea-floor spreading propagated
northwards from the central Atlantic region
(Johnston et al., 2001). Faulting was exten-
sive during this main rift phase (McCann et
al., 1995).

Basin flank uplift in the Aptian and Al-
bian (120-100 Ma) is thought to be the
response to regional extension and sea-floor
spreading between the Bay of Biscay and
Newfoundland (Knott et al., 1993). This
subsequent lithospheric response resulted in
a phase dominated by passive thermal sub-
sidence, which created the accommodation
space for the Late Cretaceous and Tertiary
sedimentary fill in the basin (McDonnell
and Shannon, 2001).

The Tertiary sedimentary record in the
Porcupine Basin is divided by four regional
unconformity surfaces C40, C30, C20 and
C10 (McDonnell and Shannon, 2001; Stoker
et al., 2001). Every single surface marks a
distinct change in sedimentary patterns in
response to sea-level fluctuations.

A change from carbonate to clastic de-
posits is described at the Paleocene regional
unconformity C40, around 60 Ma, coherent
with a sea-level fall (McDonnell and Shan-
non, 2001). The sediments of Late Palaeo-
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cene and Eocene are characterised by clastic
and deltaic deposits in the shallow parts, and
submarine fan deposits in the deeper parts of
the Porcupine Basin. Main Eocene sediment
transport direction was from the north and
west (McDonnell and Shannon, 2001). The
second basin-wide unconformity developed
in the latest Eocene (~34 Ma) and correlates
with the designated C30 event of the Rock-
all Trough (Stoker et al., 2001).

After the C30 unconformity fine-grained
deep-sea sediments with occasional lime-
stone intercalations dominate the overall
Oligocene to Recent succession in the Por-
cupine Basin. Around 20 to 15 Ma several
closely spaced unconformities have been
identified in the basin, which correlate to the
C20 unconformity of the Rockall Trough
stratigraphy (Stoker et al., 2001). These lat-
est Early Miocene markers, indicated by
erosional scouring, probably correspond to a
relative sea-level fall and intensifying bot-
tom current activity as noted elsewhere in
the North Atlantic (Stoker, 1997). Post C20
sequence of the Porcupine Basin is domi-
nated by parallel reflections of shale-
dominated sediments, indicating a relative
sea-level rise through Miocene to Recent
times (McDonnell and Shannon, 2001).

The final unconformity C10 indicates an
erosional horizon, recently dated by Stoker
et al. (2001) as of intra Early Pliocene age.
This horizon may represent the stratigraphic
response to the latest Cenozoic exhumation
of Britain and Ireland (Japsen, 1997), and
the subsequent effects of glacial abrasion
and unloading (McDonnell and Shannon,
2001). The sediment sequence overlying
C10 experienced the present-day ocean cir-
culation regime, which commenced after the
closure of the Isthmus of Panama around
4.6 Ma (Haug et al., 2001). During the
Pleistocene, the sedimentary system of the
Sea Bight was influenced by glacial and
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interglacial cycles with completely different
settings for glacials (see Chapter 1.4) and
interglacials (Chapter 1.5 for the Holocene).

1.3.2 Carbonate mounds in the Porcupine
Seabight

Within the setting of the PSB three different
provinces occur, where mound structures
have been identified: the Belgica Mound
province at the eastern slope of the PSB, the
Hovland Mound province in the north,
which is separated from the Magellan
Mound province further north (Fig. 1-7).
These mound features are described in lit-
erature as carbonate knolls (Hovland et al.,
1994), bioherms (Henriet et al., 1998) or
coral banks (De Mol et al., 2002).

15°W 10°W
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Figure 1-7. Three mound provinces within
the PSB (MMP = Magellan Mound Prov-
ince, HMP = Hovland Mound Province,
BMP = Belgica Mound Province).
Bathymetric contours in metres (GEBCO,
1997).

The Belgica Mound province is located
between 51°10° to 51°35’N and 11°30° to
11°45°W. It is named after the Belgian re-
search vessel, which discovered the mounds
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in 1997 (Henriet et al., 1998). The mounds
are placed along the steep eastern slope in
water depth of 600-900 m over a distance of
20 km. Both exposed and buried mounds
occur in this province. The exposed mounds
appear in 750-850 m water depth while the
buried features have been identified on
seismic lines further upslope (De Mol et al.,
2002; Van Rooij et al., 2003; Fig. 1-8). The
mounds appear conical on seismic profiles
(Fig. 1-9). Their eastern flanks are ponded
with sediment, while the western flanks re-
main exposed with average slopes of
10°-15° (De Mol et al., 2002). Large
mounds merge into ridge-like structures
with a NNE-SSW direction. Rough sea-floor
and sand waves in between the mounds
indicate a strong, northerly-flowing hydro-
dynamic regime (De Mol et al., 2002).

Figure 1-8. Exposed (black dots) and buried
mounds (grey dots) of the three mound
provinces in the PSB (after De Mol et al.,
2002). Indicated seismic lines across the
slope of Belgica and Hovland/Magellan
Mound provinces are shown in Fig. 1-9 and
1-10.
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Figure 1-9. Overview of seismic features along indicated line in Fig. 1-8 at eastern slope of
PSB (from Van Rooij et al., 2003). B.C. = bottom current, P1-P3 = seismic units, TWT =

Two-way travel time in seconds.

Other erosional features like moats around
the mound foot are not well developed. The
base of the Belgica mounds is formed by a
continuous erosional surface between seis-
mic units P1/P3 or P2/P3 (Fig. 1-9). This
unconformity is probably of Miocene age
(De Mol et al., 2002) implying a possibly
earlier origin for the Belgica mounds com-
pared to the other mounds in the northern
PSB (see below).

The Magellan Mound province consists
of numerous (up to 1500) buried mounds in
the area between 52°12° to 52°38’N and
12°22° to 12°08°W (De Mol et al., 2002,
Fig. 1-8). Only a few mounds protrude the
sea-floor at the western boundary of the
province. They have been discovered on
industrial 2D site survey seismic data ob-
tained in 1996 by MV Svitzer Magellan in
water depth of 450-700 m. The mounds
occur as a crescent shaped province with a
surface area of ~1500 km’. They are abun-
dant at some depth below the seabed

(Huvenne et al., 2002). These mounds are
small at shallower sites and become larger
towards the SE, where sediment drape on
the mounds is thinnest (De Mol et al., 2002).

The buried mounds are acoustically
transparent (Fig. 1-10), have an average
height of 80 m and a cross section at their
basis of 300-800 m. In contrast to the coni-
cal Belgica mounds, the Magellan mounds
are predominantly vertical, stock-like fea-
tures with an often wider top (De Mol et al.,
2002). Some mounds occur in symmetric or
asymmetric twin patterns, which may sug-
gest sections through a ring structure
(Henriet et al., 1998). At the mound-basis
the Magellan mounds are often associated
with moats (average of 34 m deep), indicat-
ing erosion and strong currents during their
genesis (De Mol et al., 2002).

The Hovland Mound province is sepa-
rated from the Magellan mounds by a 4 to
10 km wide zone, which lacks any indica-
tion of mound structures (De Mol et al.,
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Figure 1-10. Seismic line as indicated in Fig. 1-8 crossing the Magellan (NNE) and Hovland
Mound provinces (modified after De Mol, 2002). Acoustically transparent and buried Magel-
lan mounds occur to the NNE of the profile, outcropping Hovland mounds, like Propeller
Mound, appear in the centre of the seismic line. The mound base is indicated by Facies
boundary R4, probably corresponding to pré-Late Pliocene age (De Mol et al., 2002).

2002). The Hovland mounds occur between
52° and 52°30°N and 12 to 13°W, bathing in
water depths ranging between 725 to 900 m
(Fig. 1-8). They are associated with N-S
trending sea-floor depressions. The mounds
appear as large conical shaped structures or
elongate mound ridges, which are flanked
by deep moats incising into the sea-floor
(De Mol et al., 2002). These mounds are
named after the first author of publication
by Hovland et al. (1994), who recognised
and characterised the mounds in this part of
the PSB. The authors relate their possible
origin to gas hydrate dissociation or hydro-
carbon leakage from deeper seabed below.
A typical single mound is 100 m high, 1 km
in diameter and has slopes of average 10°.
The mounds are flanked on the seabed by
erosional moats, most likely formed by
scouring through topographically enhanced
bottom currents. These moats are elongated,
show a length of 1 to 3 km, and are much

10

deeper (20-150 m) than these from Magel-
lan mounds. The mound basis of Hovland
and Magellan mounds is described by an
erosional unconformity between seismic
units P1 and P3 (R4 in Fig. 1-10). Based on
uncalibrated interpretation of seismic units
draping the mounds, an age of pré-Late
Pliocene is suggested (De Mol, 2002),
which is probably coherent with NE Atlantic
unconformity C10 (Chapter 1.3.1).

1.3.3 Propeller Mound

The Propeller Mound is object of detailed
investigation (Fig. 1-11). It was mapped and
sampled during RV POSEIDON cruise POS
265 and 292 (Freiwald et al., 2000; Freiwald
and Shipboard Party, 2002). The mound
forms an exposed 140 m high structure and
shows a N-S elongation with a combination
of three ridges connected in the central part.
The summit of the mound lies at 52°09.80°N



and 12°46.40°W in ~670 m water depth.
The shape of this mound is very peculiar
due to three merged spurs resembling a
three-bladed propeller. These spurs point to
NE, NW and S direction. The overall exten-
sion of Propeller Mound is ~2.5 km in N-S
and 1.5 km in E-W direction, thinning out to
~400 m at the southern tip. The slope incli-
nation varies between 8—10° over the long-
axis of the three spurs, increasing to gener-
ally 12° to 20°, but reaches a maximum of
up to >45° at the eastern and western flanks
(Freiwald and Shipboard Party, 2002). The
mound foot is at 800 m water depth along
the western flank and 900 m at its eastern
flank. Moats occur at the base of the eastern
and western flank of the mound.

Investigation with the remotely operated
vehicle (ROV) CHEROKEE from Bremen
University during RV POSEIDON cruise
POS 292 (Freiwald and Shipboard Party,
2002) clearly separates different sea-floor
characteristics of Propeller Mound. The off-
mound area is formed by the characteristic
sandy mud drape of the northern PSB (Fig.
1-11a). At the foot of the mound the slope
gets steeper and IRD boulders and hard-
grounds occur with predominantly dead
coral rubble (Fig. 1-11b). In this area, the
currents are strongest. Further upslope, an
increasingly higher abundance of coral
thickets are present along very steep flanks
(up to 60°, Fig. 1-11c). These thickets pro-
vide shelter and a highly structured habitat
for numerous sessile and vagile organisms.
The summit of Propeller Mound is narrow
and flat and shows a less dense cover of
living corals. The currents are much weaker
at the upper slope and top mound area com-
pared to the mound foot.
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Figure 1-11. Bathymetry of Propeller
Mound, southern Hovland Mound province.
(a) Off-mound sediments with anemone
overgrown hermit crab, (b) IRD boulders at
mound foot, (c) dense coral thickets on up-
per slope with steep inclination of up to 60°
(Freiwald and Shipboard Party, 2002).

To demonstrate the extension of Propel-
ler Mound, a comparison with Germany’s
only offshore island Helgoland is performed
(Fig. 1-12). Propeller Mound has a compa-
rable extension like Helgoland’s main
island, where about 1700 inhabitants live.
Despite the up to 60 m high cliffs at the
western side of Helgoland, the cross sec-
tions of both structures illustrates nicely,
that Propeller Mound is more than twice as
high as Helgoland.
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Figure 1-12. Comparison of Propeller Mound and Helgoland, Germany’s only offshore is-
land. Cross sections from Propeller Mound and Helgoland follow indicated lines A-A’ and
B-B’, both about 1.8 km long. Propeller Mound is more than twice as high as the similar-sized
main island of Helgoland. Note: vertical exaggeration is 1:4. Helgoland map from
http://www.helgoland.de, bathymetry from sea chart “Deutsche Bucht”, 50 INT 1045,
Bundesamt fur Seeschifffahrt und Hydrographie, Hamburg.

1.4 Glacial setting of the Por-
cupine Seabight

The carbonate mounds originated during the
Late Tertiary and experienced during their
further development the northern hemi-
sphere glaciation and the resulting glacial-
interglacial cycles. During peak glacials, the
Polar Front of the North Atlantic was situ-
ated as far south as 40° to 45°N offshore
Portugal (Ruddiman and MclIntyre, 1981),
which led to polar conditions on Ireland and
the surrounding shelf environment. This
chapter summarises the oceanographic set-
ting of the PSB and the land ice extension
on Ireland for the last glacial period.
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1.4.1 Surface water, seasonal sea-ice and
intermediate glacial water mass
distribution

Surface water moved southward as a coastal
current (Sarnthein et al., 1995), transporting
cold waters from the North Atlantic along
the Irish coast (Fig. 1-13). Sea surface tem-
peratures were low during glacial summers
with around 5°C, which decrease to 0—1°C
during glacial winters (Sarnthein et al.,
1995; Bowen et al., 2002; Sarnthein et al,
2003). These chilling surface waters in gla-
cial winters support the extent of sea-ice
covering the entire PSB and Rockall Bank
(Sarnthein et al., 2003; Fig. 1-13). During
glacial summer months, warmer waters en-
tered the NE Atlantic as far north as
Spitsbergen, which led to a retreat of sea-ice



in the PSB onto the Irish shelf. Sea-ice
cover is probably the most influential envi-
ronmental factor in present-day high-latitude
environments with strong control on bio-
logical and physical processes (e.g. Weinelt
et al., 2001). Biological primary productiv-
ity strongly depends on the duration of sea-
ice cover, which is low during ice cover and
high at the summer ice edge (Hebbeln and
Wefer, 1991).

Chapter 1 — Introduction

The intermediate oceanographic setting
of the PSB is not well studied. Glacial North
Atlantic Intermediate Water (GNAIW) is
reported in water depths below surface wa-
ters down to 1700-2000 m in areas further
west (Manighetti and McCave, 1995). They
describe a flow from the north via the
Wyville-Thomson Ridge and through the
Rockall Trough to the south.

Figure 1-13. General map of Ireland during glacial intervals. Indicated are ice limits (dark
blue) and general ice flow (black arrows) for Marine Isotope Stage (MIS) 2 (after Eyles and
McCabe, 1989; Jones and Keen, 1993), maximum land-ice extend (light blue) for MIS 4 (after
Bowen et al., 2002), surface circulation (grey arrows) and melt water intrusion (MW) result-
ing in a week anticyclonic circulation around Rockall Bank for MIS 2 (after Sarnthein et al.,
1995), and sea-ice cover (light blue dots) covering entire PSB during peak glacial winters
(Sarnthein et al., 2003). N-S trending iceberg ploughmarks are reported on Slyne Ridge (after
Games, 2001). Glacial bathymetry corresponds to present-day water depth minus 120 m. Red

dot marks the position of Propeller Mound.
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According to Duplessy et al. (1988) and
Oppo and Lehman (1993) the term GNAIW
is used for mid-depth waters of uncertain
origin. Veum et al. (1992) reported of pro-
duction in the Norwegian Sea at least during
MIS 2 via a mechanism strongly influenced
by sea-ice formation, but the composition of
GNAIW may have changed during the gla-
cial time with differing sources. GNAIW is
characterised as a moderate water mass with
respect to current speed for the Last Glacial
Maximum. It expands to greater depth dur-
ing deglaciation and becomes more vigorous
(Manighetti and McCave, 1995). The influ-
ence of the very cold GNAIW on the PSB is
not reported due to limited investigations in
that area. But an influence is assumed, as
very cold waters occurred west of the Por-
cupine Bank, indicated by benthic oxygen
isotope data (e.g. Lehman and Keigwin,
1992; Sarnthein et al., 1994). Mediterranean
Outflow Water (MOW) had a great influ-
ence within intermediate depths of the PSB
during the Holocene (see Chapter 1.5).
Schonfeld and Zahn (2000) described a
main glacial MOW flow up to 800 m deeper
than today, due to an increased density in-
duced by a distinct higher salinity. In
addition, the glacial flow pattern indicates
no northward flow of MOW along the
European continental margin, which results
into a homogenous intermediate water col-
umn for the PSB.

1.4.2 British Irish Ice Sheet variability

In the North Atlantic region the British Irish
Ice Sheet (BIIS) was probably the most sen-
sitive and earliest amplifier of climatic
change because of its extreme maritime po-
sition at the southern limit of the last
glaciation in NW Europe (Eyles and
McCabe, 1989; Knutz et al., 2001). A
maximum land ice extend of the BIIS
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probably reaching offshore W Ireland to the
present 200 m isobath is reported by Bowen
et al. (2002) for MIS 4 (Fig. 1-13). During
MIS 3 the Polar Front was mainly north of
the British Isles. Ireland was covered with
treeless, tundra-like vegetation with small
ice caps covering most of Ulster in the north
of Ireland (Jones and Keen, 1993). An ad-
vance of land ice took place around 30 ka
BP, covering most of Ireland. Only a narrow
band remained ice-free (Knutz et al., 2001).
This advance of BIIS around the transition
of MIS 3 and 2 is synchronous with a sea-
level drop of around 50 m (Lambeck et al.,
2002). Eyles and McCabe (1989) indicated
ice flows from central Ireland to the Galway
Bay onto the Irish Mainland Shelf.

Sedimentary processes closely related to
glacial conditions are not well studied in the
PSB. However, the southward flowing sur-
face waters, land ice extension and calving
of icebergs from Irish mainland as docu-
mented by iceberg plough marks on Slyne
Ridge (Games, 2001), as well as the sea-
level lowering suggest an enormous increase
in terrigenous sediment supply into the PSB.
An abrupt increase in basaltic IRD at 30
thousand years before present (kyr BP) from
a core recovered at Barra Fan north of the
PSB indicates a change from hemipelagic to
glaciomarine sedimentation (Knutz et al.,
2001). Glaciers carried eroded material and
reached the shelf edge releasing gravity
flows leading to increased sediment supply
from the shelf and to subsequent high gla-
ciomarine sedimentation on the slope and
deeper basin. Along the Western Ap-
proaches to the south of the PSB similar
indications of enormous sediment supply
induced by progressing glaciers onto the
shelf have been found (e.g. Auffret et al.,
2002).



1.5 Present-day oceanographic
setting

Within the PSB the present-day hydrody-
namic regime is quite complex. Several
processes interact with the general north-
ward flowing water masses, like tidal
currents, vertical mixing, eddies, cascading,
internal tidal waves and the effect of the sea-
floor morphology on currents and flows. All
these processes play an important role on
the exchange of nutrients and sediments
between the shallow shelves and the deeper
basin. They are important for marine biota
within the Sea Bight, especially for the
deep-water coral ecosystem in the distinct
depth range of 500 to 1000 m.

The PSB falls in between the two main
circulation systems of the North Atlantic,
the sub polar and sub tropical gyre. The
main branch of the North Atlantic Current
(NAC) shows a division into one branch
flowing NW of Rockall Bank, and a south-
ern branch flowing SE into the Bay of
Biscay to form part of the subtropical gyre
(Pingree, 1993). NAC carries relatively
warm and salty waters into the NE Atlantic.

[.5.1 Water mass distribution and gen-
eral circulation

In the PSB, 14-16°C warm and relatively
salty (35.5) surface water occurs during
summer months down to 40-50 m water
depth, where a decrease in temperature,
oxygen concentration and salinity indicates
the seasonal thermocline (Fig. 1-14). During
winters, the upper water column is charac-
terised by a homogenously stratified water
mass.

The dominant water mass below the
thermocline down to 600-700 m water
depth is the Eastern North Atlantic Water
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(ENAW, Fig. 1-14). The source of ENAW
lies in the Bay of Biscay further south of the
PSB, where it is formed as a winter mode
water by strong cooling at the sea surface
(Pollard et al., 1996). ENAW flows north-
ward along the European continental margin
(Pingree and LeCann, 1989; Huthnance,
1986) and enters the PSB (Mohn, 2000),
where it circulates as a slope current topog-
raphically steered within the Sea Bight
(Ellet et al., 1986). In the northern PSB the
water mass flow turns southward and flows
around the Porcupine Bank (White, subm.;
Fig. 1-15).

The Shelf Edge Current (SEC) carries a
significant portion of ENAW and is marked
by high salinity cells in 150-400 m water
depth (Hill and Mitchelson-Jacob, 1993;
Fig. 1-14). It plays an important role in
physical exchange processes at the shelf
break and hence cross-shelf fluxes (Huth-
nance, 1995). This water mass is found
below the summer thermocline but reaches
the sea surface during winter.
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Figure 1-14. Hydrographic parameters and
characteristic water masses of the upper
1500 m from outer Goban Spur (see
Fig. 1-6). SW = Surface waters, SEC =
Shelf Edge Current, which is part of ENAW
= Eastern North Atlantic Water, MOW =
Mediterranean Outflow Water (from
McCave et al., 2001).
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Below 600 m water depth salinity in-
creases again, but dissolved oxygen is
depleted, which indicates the contribution of
the underlying Mediterranean Outflow Wa-
ter (MOW; Fig. 1-14). MOW is a warm but
very salty water mass due to high evapora-
tion in the Mediterranean area. It flows out
over the sill at the Straits of Gibraltar, where
it enters the Atlantic Ocean. The main
MOW flow follows a narrow advection path
100-150 km wide along the western Iberian
continental slope at depths between 600 and
1500 m. The MOW is separated into an up-
per and lower core layer displaying
distinctive temperature maxima of >11°C at
750 m and salinity maxima of >36.6 at
1250 m (Schonfeld and Zahn, 2000). The
upper core layer underlies ENAW and
shows a similar circulation like ENAW and
SEC along the continental slope (Fig. 1-15)
with mean current velocities of around
12 (cm s™) (Zenk, 1971; 1975; Zenk and
Armi, 1990; Zenk et al., 1992). This upper
core layer of MOW occupies the whole Por-
cupine basin between 800 and 1200 m water
depth (White, subm.; Fig. 1-14).

1.5.2 Slope current and current strength
intensities

The generally poleward flow of waters
along the eastern boundary of the N Atlantic
(Smith, 1989) is theoretically driven by the
poleward decline in sea surface height,
which is caused by increasing water density
with latitude. Along the continental margin
the slope current has been measured at many
locations.

Directly measured mean circulation near
the seabed in the water depth of carbonate
mounds is reported from the PSB (White,
subm.). The predominant circulation in the
Sea Bight is essentially cyclonic (Fig. 1-15)
with a poleward flow along the Irish Shelf
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and the eastern Sea Bight margin. Current
speeds are generally strong where mounds
are located and exceed 15 cm s for nearly
49 % of the measured period at the Belgica
mound province. At the northern PSB,
where the flow turns from northerly into
more southwesterly direction, only 7 to
15 % of the measurement period shows cur-
rents exceeding 15 cm s (White, subm.).
During spring, the measurements indicate
weaker currents. Pingree and LeCann (1989;
1990) describe for the slope current a so-
called SOMA (Sept-Oct-Mar-Apr) season-
ality response, which White (subm.) also
identified in measurements near the carbon-
ate mounds. Rough topography as generated
by the carbonate mounds also has a great
impact on inducing localised strong currents
and mixing processes (White, subm.).

Figure 1-15. General circulation within
the PSB. NAC = black arrows, intermediate
water masses (SEC, ENAW, MOW) = grey
arrows.

Other processes exist that generate local-
ised strong currents at specific depths.
Internal waves occur at the interface of two
water masses (e.g. ENAW-MOW) and be-



come periodically unstable, which results
into pressure gradients causing internal
wave motion. Tidal flow across the shelf
edge is a known mechanism for generating
internal motions, with subsequent propaga-
tion of the internal tidal energy on and off
the shelf (Pingree and New, 1991). Other
external forces are changes in density, in
vertical component of barotropic currents or
changes in topography (Wunsch, 1975).
Rice et al. (1990) suggested that reflecting
internal waves cause enhanced currents
along the eastern PSB, but not along the
northern margin, where the Hovland and
Magellan mounds are situated. The data set
of White (subm.) confirms this theoretical
argument of Rice et al. (1990), but he notes
that the cause of strong currents may not be
entirely due to internal wave interactions but
may result from more than one dynamic
process.

1.5.3 Primary productivity and down-
slope transport of organic matter

The NE Atlantic is a highly productive re-
gion and it is estimated that there is a large
flux of organic material to the lower conti-
nental slope. Figure 1-16 shows an example
of a true-colour MODIS image of the Por-
cupine Seabight illustrating the regional
biological characteristics. This image, taken
in May 2001, shows high chlorophyll levels
along (1) the Irish shelf edge region fol-
lowing the 200 m bathymetric contour and
(2) on the relatively shallow Porcupine
Bank. Measurements in the nearby region of
the Goban Spur at the mouth of the PSB
(50°N, 12°W, see Fig. 1-16) are typically
high for this shelf environment with
~160 ¢ C m™ yr'', as presented by Joint et al.
(2001). They estimated about 60 g C m™ yr’'
available for the export to intermediate and
off-shelf waters. Several mechanisms exist
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transporting organic material downslope
into greater depth. A cold-water dome with
enhanced phytoplankton productivity is re-
ported over the Porcupine Bank (White et
al., 1998; Mohn et al., 2002). The combina-
tion of high productivity over this bank and
the downslope transport off the bank (Ek-
man drainage flows, cascading) provides a
highly efficient way of delivering food to
the slope flanks (White et al., subm).

Figure 1-16. True-colour MODIS image
made from data collected by satellite Terra
on May 22, 2001. Phytoplankton blooms
appear as blue-green swirls to the west and
south of Ireland (Credits: J. Descloitres,
MODIS Land Rapid Response Team,
NASA/GSFC, http://visibleearth.nasa.gov/
cgi-bin/viewrecord?10019). Bathymetric
contours correspond to 100, 200, 500, 1000,
1500, 2000, etc from shallow to deep (GE-
BCO 1997). Red dot marks position of
Propeller Mound.
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Well-developed Bottom Nepheloid Lay-
ers (BNLs) are reported for the slope area at
the Goban Spur (McCave et al., 2001) and
for slopes at Porcupine Bank (McCave,
2002; White et al., subm.).These layers de-
velop through mixing processes on the slope
and may collapse due to the reflection of
internal waves (eastern PSB, see above).
This leads to the formation of Intermediate
Nepheloid Layers (INLs), which have been
detected by Thorpe and White (1988) out to
a distance of 16 km from the slope. The
combination of intermittent resuspension
under internal waves and slope currents,
plus strong meddy-driven basinward trans-
port accounts for most features of the INL
field recorded at depth of 700-1400 m at
Goban Spur (McCave et al., 2001;
Fig 1-17). At this site, INLs show a seasonal

WsW ENE

1) o

Surface Nepheloid Layer

INL

Depth (m)

N

strong offshore  *
1000 == INL

13°W 12°30'W 12°W 11°30'W 11w

Fig. 1-17: Bottom and Intermediate
Nepheloid Layers (BNLs, INLs) along
Goban Spur (~49°N) for (1) winter, (2)
summer and (3) autumn (simplified after
McCave et al., 2001). Strong offshore INL
occurs during autumn in water depth of
MOW.
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variability: (1) a series of INLs are present
between 400—600 m during winter and a
distinct INL between 1000—-1500 m with a
weak offshore signal, (2) INLs with a top at
~600 m are apparent during summer 55 km
further south of the transect shown in
Fig. 1-17, but are lacking here, and (3) a
return to strong offshore INLs occurs during
autumn with a strong, single INL between
700-970 m (McCave et al., 2001). The dis-
tribution of strong offshore INLs suggests a
correlation with the presence of MOW and
the water mass boundaries of ENAW and
MOW (Fig. 1-17). Due to a strong gradient
in density at this water mass interface, or-
ganic material persists at this level for a
longer time. In addition, it is also trans-
ported laterally within the PSB. The
combination of internal waves and north-
ward oriented slope currents suggests a
similar distribution of BNLs and INLs
within the PSB, possibly decreasing towards
the north with respect to water depth.

The combination of above mentioned
processes enables the material to remain in
suspension, supporting the filter-feeding
corals on top of the carbonate mounds, but
also other benthic organisms in intermediate
to greater depths. It seems obvious that wa-
ter mass variations during glacial and inter-
glacial cycles, when major differences of the
oceanographic setting existed (compare
Chapter 1.4 with 1.5), had a great impact on
coral growth and distribution. In this thesis
to point out these environmental changes
will be discussed with respect to glacial and
interglacial cycles at the close neighbour-
hood of Propeller Mound.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Sediment core analyses

This thesis is based on analyses of seven
gravity cores from Propeller Mound and
adjacent areas collected during cruise
POS265 with the German Research vessel
POSEIDON (Freiwald et al., 2000). Sedi-
ment cores were retrieved from an area of
1.5 km* (Fig. 2-1) and range in length from
350 to 600 cm (Table 2-1). All cores were
cut into 1 m sections, stored at 4°C for fur-
ther treatment and finally archived in
Bremen.

2.1.1 Computer tomographic analysis

Before sampling and splitting of sediment
cores, a computer tomographic analysis was
performed at the Universititsklinikum Kiel,
Department of Radiology by Dr. Morvain.
Still closed core sections were investigated
for their contents and sediment structures
using a Phillips Tomoscan LX. The CT ra-
diographs have been scanned and visually
evaluated (Chapter 4, Appendix 6). This
analysis divided the gravity cores into

Figure 2-1. Locations of on- (blue) and off-
mound cores (red) on Propeller Mound, re-
covered during RV POSEIDON cruise
POS265 (Freiwald et al., 2000).

‘on-mound’ and ‘off-mound’ cores with on-
mound cores containing large coral frag-
ments (up to 30 cm in length), whereas off-
mound cores represent coral rubble free,
‘normal’ sediment cores.

Table 2-1. Overview of gravity cores from Propeller Mound used in this study.

Core number Latitude Longitude = Water depth Recovery Content Core type
N E (m) (cm)
GeoB 6718-2  52°09.379° 12°45.158’ 900 450 hemipelagic sediments off-mound
GeoB 6719-1  52°09.233* 12°46.127° 758 580 hemipelagic sediments off-mound
GeoB 6725-1  52°09.520° 12°46.010° 820 450 hemipelagic sediments off-mound
GeoB 6727-2  52°08.017° 12°45.970° 794 470 hemipelagic sediments off-mound
GeoB 6728-1  52°09.240° 12°45.920° 749 590 corals in fine grained matrix ~ on-mound
GeoB 6729-1  52°09.231° 12°45.380° 711 460 corals in fine grained matrix ~ on-mound
GeoB 6730-1  52°08.861° 12°46.282° 704 360 corals in fine grained matrix ~ on-mound
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2.1.2 Opening procedure of cores

After the first results from CT analysis, the
off-mound cores have been opened at Uni-
versity Bremen using conventional opening
procedures. However, these failed on on-
mound cores, as the coral fragments would
have disturbed the sediment matrix and as-
sociated sedimentary features. Therefore,
the cores were first frozen at —18°C for at
least 72 hours. The frozen cores were then
split using a diamond bladed circular saw.
After cutting, the frozen cutting fluid and
the upper surface of the cores were immedi-
ately removed with a spatula or knife. It was
essential for retaining a good surface to per-
form the cleaning procedure on still frozen
surfaces of the core halves. Serious damage
to sedimentology structures has not been
observed.

2.1.3 Visual core description

After splitting of the cores into working and
archive halves and cleaning of their sur-
faces, all sections were visually described.

On-mound cores contain significant
amounts of coral fragments of L. pertusa
and M. oculata, and shells of associated
benthic biota (echinodermata, molluscs,
gastropods, brachiopods, and bryozoans)
throughout the entire core sections. The
coral density varies within the cores and is
embedded in finer sediments consisting of
foraminiferal tests, sponge spiculae, re-
worked coral material, coccoliths and
terrigenous material. The preservation state
of larger coral fragments varies from living
corals at the core top to heavily bioeroded
and partly dissolved fragments in deeper
parts.

Hemipelagic sediments dominate off-
mound cores, which lack any indications of
large coral fragments. Glacial sediments
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contain numerous drop stones embedded in
sandy silty clays. Silty sand represents in-
terglacial sediments and is dominated by
both planktonic and benthic foraminiferal
tests. Those off-mound cores contain infor-
mation of background sedimentation around
Propeller Mound. They are used in this the-
sis for the determination of environmental
condition of glacial and Holocene intervals,
which then are compared to on-mound
sediments.

2.1.4 Colour determination

Within less than an hour after opening, a
spectral photometer (Minolta CM 2002) was
used to achieve optical data of the sediment
in the wavelength range of visible light. To
protect the camera from pollution by sedi-
ment, the core surfaces were covered by
transparent plastic foil. The measurement
area of the spectrophotometer is § mm in
diameter. To achieve the highest possible
resolution, a sampling interval of 1 cm was
chosen throughout the core. The camera was
calibrated with black and white standards
before every new core section measurement.
The CM 2002 is equipped with a pulsed
xenon arc lamp, which illuminates the inte-
grating sphere of the spectrophotometer.
Diffusely backscattered, the light hits the
target, becomes reflected, and is focused on
a silicon photodiode. The reflectance-
intensity of a wavelength range of 400 nm to
700 nm (in 10 nm increments) and L*
(lightness), a* (red-green shift), b* (blue-
yellow shift) values are detected by this sen-
SOT.



2.1.5 Sampling

Each working halve was sampled using 10
cm’ syringes at 5 cm intervals. All samples
were weighed and than freeze dried at
-50°C. With known sediment volume, the
dry bulk density, porosity and water content
were calculated from weight loss during
freeze-drying. One set of samples was wet
sieved through a 63 ym sieve and the sus-

2.2 Sample analyses
2.2.1 Micropaleontological analysis

Biotic composition of benthic foraminifera
was performed on samples of off-mound
core GeoB 6725-1 and on-mound core
GeoB 6730-1. At least 300 benthic speci-
mens of foraminifera were identified on
species level and counted in the fractions
>125 um. However, less than 300 speci-
mens per sample could be identified in the
off-mound core due to low numbers of fo-
raminifera in glaciomarine sediments.

The concentration of benthic fora-
minifera was calculated into specimens per
gram of sediment dry weight and percent-
ages of total number of foraminiferal tests
per sample. To determine the diversity of
benthic foraminiferal assemblages (1) the
species diversity expressed in numbers of
species corrected to an equal size of 100
specimens (Lutze, 1980) and (2) the diver-
sity index H(S) (Murray, 1991) was
calculated. The designation of epibenthic
and attached epibenthic species follows the
observations and results of Murray (1991)
and Schonfeld (1997; 2002a; 2002b). A
taxonomic list of determined species is
given in Appendix 1. Relative abundance of
benthic foraminifera is given in Appen-
dix 2-1 for off-mound core GeoB 6725-1
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pended fine fraction (<63 ym) was collected
in 5-litre jars for fine fraction analysis
(I1.2.2). The coarse fraction (>63 ym) was
oven dried at 50°C and weighed afterwards.
To separate the grain size fractions, the
coarse fraction was dry sieved through a
sieve set with 125 ym, 250 ym, 500ym and
1000 pm mesh widths. All samples were
weighed thereafter.

and in Appendix 2-2 for on-mound core
GeoB 6730-1.

2.2.2 Grain size analysis

The collected fine fraction (<63 um) was
used to determine grain-size distribution of
the silt-sized fraction (2-63 um) and the
sortable silt spectrum (10-63 ym, McCave
et al., 1995). Therefore, a Micromeritics
Sedigraph 5100 was used, which measures
the concentration of the suspension by the
attenuation of an X-Ray beam. Samples
were separated from water, filled with So-
dium polyphosphate (0.05 %) to avoid
hindered settling. The samples were ho-
mogenised on a rotating carousel overnight
(at least 15 hours) and sonified for 10 sec-
onds before analysis. The grain size analysis
was performed for on- and off-mound cores
with a density setting of calcite (2.71 g/cm’)
on a constant temperature of 35°C and with
an analysis range of 1 to 63.1 ym. To evalu-
ate the difference of bulk and carbonate-free
grain-size distribution, organic material and
CaCO, was removed from off-mound sam-
ples of core GeoB 6718-2 using H,0,
(35 %) and acetic acid (6 %). These samples
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were measured with the density setting of
quartz (2.65 g/cm’).

Sedigraph 5100 gives data output as cu-
mulative curve and as mass frequency
curves. Both were used to calculate mean
silt and mean sortable silt distribution, as
well as size frequency distribution. The data
were converted into weight percentages
(Wt.-%) and are given in Appendix 3.

Principles of measurement, technical in-
formation, and comparisons to other grain
size determination instruments can be found
in Bianchi et al. (1999), McCave et al.
(1995), and Konert and Vandenberghe
(1997).

2.2.3 Total carbon and organic carbon
measurements

Total carbon (TC) and total organic carbon
(TOC) were analysed on on- and off-mound
samples using Carlo Erba NA-1500-CNS at
GEOMAR, Kiel (Appendix 4). The analyti-
cal method is based on the complete and
instantaneous oxidation of the sample by
,,flash combustion* at 1050°C, which con-
verts all organic and inorganic substances
into combustion products. The resulting
combustion gases pass through a reduction
furnace and are swept into the chroma-
tographic column by the carrier gas
(helium). The gases are separated in the
column and detected by the thermal con-
ductivity detector (TCD), which gives an
output signal proportional to the concentra-
tion of the individual components of the
mixture.

The freeze-dried samples were grinded in
an agate mortar. Depending of the C/N/S
concentration, 10 mg of sample is weighed
into a tin cup (TC) and 7-9 mg into silver
cup for the TOC measurements. Organic
carbon is determined after removing car-
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bonate carbon by acidification with 0.01N
hydrochloric acid. Calibration standards for
TC and TOC were Acetanilid (N=10.36 %,
C=71.09 %) and SOIL Standard BSTDI1
(N=0.216 %, C=3.5 %). Standard deviation
of continuously analysed standards was
better than 2 %. Carbonate contents of the
sediments were finally calculated according
to their atomic weight ratios:

CaCO3 (%) =833 (Ctotal - Corg)

2.2.4 Stable isotope analysis

Stable oxygen and carbon isotope analysis
was carried out at Isotope Lab Bremen Uni-
versity. 3 to 5 individuals of benthic
foraminifera Cibicidoides wuellerstorfi or
Cibicidoides kullenbergi were selected from
fraction 250-500 ym of on- and off-mound
cores (Appendix 5). C. wuellerstorfi was
rare in most of the samples, especially
within the glaciomarine sediments. There-
fore, the two species have been analysed in
samples, where both occur. §'°O values for
both benthic species are comparable, but
show an offset in 8'"°C, which is known from
literature (e.g. Hodell et al., 2001) and re-
lated to the apparently infaunal life style of
C. kullenbergi. Therefore, §"°C data will not
be considered within this thesis. Samples
from the top 130 cm of off-mound core
GeoB 6725-1 were additionally analysed for
the stable isotope composition of planktonic
for aminifera. For these analyses 15 speci-
mens of Globigerina bulloides were
collected from fraction 250-315 pm.

Isotopic composition of the foraminiferal
tests was determined on the CO, gas
evolved by treatment with phosphoric acid
at a constant temperature of 75°C. Working
standard (Burgbrohl CO, gas) was used for
all stable isotope measurements. 8'°O and
8"C data have been calibrated against PDB



by using the NBS 18, 19 and 20 standards
and are given relative to the PDB standard.
Analytical standard deviation is about
+0.07 %o PDB.

2.2.5 Radiocarbon measurements

Radiocarbon dating (AMS "*C) using mono-
species samples (~10 mg) of planktonic
foraminifera Neogloboquadrina pachy-
derma (either dextral or sinistral) from
fraction 125-250 ym were analysed at the
Leibniz Laboratory for Age Determinations
and Isotope Research at the University of
Kiel (Table 2-2; Nadeau et al., 1997). The
data were corrected for °C and the calibra-
tion to calendar years was performed with
CALIB 4.3 program (Stuiver and Reimer,
1993) using the marine data set of Stuiver et
al. (1998) and a reservoir age of 400 years.
All ages are given in 1000 calendar years
before present (kyr BP; Table 2-2). Ages
greater 21 kyr BP were calibrated using the
method of Voelker et al. (1998).

2.2.6 U/Th dating on coral fragments

In several depth intervals of cores GeoB
6728-1, 6729-1 and 6730-1 some coral
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fragments of L. pertusa were used to deter-
mine additional absolute ages using the
U/Th ratio of the aragonite skeleton. All
samples were first ultrasonically cleaned
and scrubbed with dental tools to remove
exterior contaminants (iron-manganese
crusts and coatings) from the fossil coral
fragments as described in Cheng et al.
(2000a). When the coral appeared clean
under the binocular, a first run was per-
formed on samples of cores GeoB 6728-1,
6729-1 and 6730-1. The samples were
measured by V. Liebetrau using a Finnigan
MAT 262 RPQ2+ Thermal Ionisation Mass
Spectrometer (TIMS) at GEOMAR, Kiel.
Uranium and Thorium concentrations and
activities are given in Table 2-3. The dating
method using U/Th ratios requires several
conditions for reliable datings: (1) a closed
system decay of U and Th, without any ex-
change between carbonate and water mass,
(2) no additional U or Th through detrital
contamination, and (3) no *°Th within the
carbonate during formation. The latter re-
quirement has to be assumed, as it is not
possible to determine initial *’Th ratios,
which normally originates exclusively by
#*U decay within the carbonate.

Table 2-2. AMS "C dates of core GeoB 6719-1, GeoB 6725-1 and GeoB 6730-1.

Laboratory number core depth HC AMS age + erT. Calibrated age
(cm) (yr BP) (yr) (kyr BP)
Core GeoB 6719-1
KIA 17091 18 35 6640
KIA 19092 98 16100 70 18630
KIA 17093 163 21670 110 25420
KIA 17094 273 26780 180 30830
Core GeoB 6725-1
KIA 16206 68 45 7600
KIA 16202 168 20360 140 23530
Core GeoB 6730-1
KIA 16201 23 35 4500
KIA 16200 93 42700 +2090/-1660 44770
KIA 16198 143 >45070 - -
KIA 16197 208 45010 +2820/-2080 46510
KIA 16196 243 >44350 - -
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Figure 2-2. 8***U activity of coral fragment
from on-mound cores according to time.
Shaded blue area indicates the decay of ini-
tial seawater (8”*U=140-155 %o). Samples,
which fall out of range are marked in
Tab. 2-3.

The initial activity ratio of **U/?*U
(8™*U) of the samples follows the evolution
curve starting with the activity ratio of sea-
water (87*U = 155-140 %o), which is
illustrated in Figure 2-2 and determines the
reliability of dating. Towards older ages, the
samples show an increase in deviation from
the 8**U decay of seawater. These sample
tend to lighter ***U values, which are indi-
cated in Table 2-3.

In a second run, all samples were addi-
tionally bathed after the macro- and
microscopic cleaning in a 50/50 mixture of
30 % peroxide and 1M NaOH for 15 min-
utes with ultrasonification. This procedure
removed organic stains left on the coral and
up to 50 % of the inner and outer coral
skeleton. Cheng et al. (2000a) described
another step, where the samples are sub-
merged afterwards in a 50/50 mixture of 30
% peroxide and 1 % HCIO,. This step of the
cleaning procedure was skipped, otherwise
no material would have been left. The sam-
ples were additionally checked for the
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cleanness of the aragonite. A little part of
three samples was cut off before and after
the chemical cleaning procedure and was
analysed using X-ray diffraction (XRD), to
evaluate the chemical composition
(Fig. 2-3). The results of XRD analysis
show that the coral skeletons consist of
>95 % of aragonite and to a minor degree of
calcite and quartz as contamination. After
the cleaning procedure up to 100 % arago-
nite had been measured, indicating pure
aragonite skeletons of fossil coral fragments
also in deeper core sections.

Figure 2-3. XRD analysis of coral fragment
before and after chemical cleaning. Before
the cleaning procedure, intensity peaks indi-
cate the sample consisting of aragonite,
calcite and quartz. After the cleaning, >99 %
aragonite of the same sample describes all
major peaks. Calcite occurs accessorily
whether as contamination of coccoliths and
foraminiferal test fragments or as re-
crystallisation of the primary aragonite.
Quartz was removed completely.
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Abstract

The benthic environment in the vicinity of a carbonate mound at the northern Porcupine
Seabight was studied on two sediment cores: one from top of the Propeller Mound, a 150 m
high carbonate mound densely colonised by a deep-water coral ecosystem on the upper
flanks, and a second one from an off-mound position further north as control site. At the off-
mound position faunal analysis of dead benthic foraminifera reveals two assemblages. The
Interglacial group contains infaunal species reflecting present-day environmental and
oceanographic conditions with high nutrient flux to the sea-floor and low sediment accumula-
tion under a strong hydrodynamic regime. The Glacial group, dominated by cassidulinid spe-
cies, describes an influence under polar conditions with low nutrient supply and cold
intermediate waters. Elphidium excavatum is described here as a species displaced from
shallow shelf areas under the influence of the glacial ice cap on Ireland, which advanced to-
wards the shelf, inducing high sedimentation rates of ~30 cm/kyr with a coeval sea-level drop
of ~50 m.

The off-mound identified assemblages have been transferred to the on-mound core and
show that the Glacial group is less abundant throughout the entire core. This pattern indicates
the lack of glacial time intervals in the on-mound core. A third assemblage is abundant in
samples of the on-mound core showing elevated epibenthic species not described in off-
mound samples or only to a minor degree. This Mound group shows a great affinity to strong
currents, high nutrient availability and is supposed to indicate Mediterranean Outflow Water
in the northern Porcupine Seabight and a higher amount of substrates (i.e. corals) to settle.

Keywords: benthic foraminifera; carbonate mounds; environmental reconstruction; Porcupine
Seabight; NE Atlantic Ocean
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3.1 Introduction

3.1.1 Benthic foraminiferal study in the
Porcupine Seabight

Benthic foraminiferal faunas contain infor-
mation on oceanic deep environments and
are therefore a good tool to reconstruct pa-
leoenvironments. Several studies deal with
recent distributions of living benthic fora-
minifera, which proof the relationship be-
tween abundances of distinct species and the
nutrient flux to the sea-floor (e.g. Loubere,
1991; Mackensen et al., 1993; Kaiho, 1994;
Altenbach et al., 1999), the ambient bottom
waters oxygen content (Kaiho, 1994; Alve,
1995; Briichert et al., 2000; Seidenkrantz et
al., 2000) or other levels of environmental
stress like water turbulence (Pujos, 1971;
Schonfeld, 1997; 2002a; 2002b; Schonfeld
and Zahn, 2000). The understanding of fau-
nal abundances mirroring present-day envi-
ronmental conditions can be helpful for the
reconstruction of fossil assemblages in rela-
tion to changes of water mass physics and
chemistry, nutrient availability, microhabitat
colonisation structures or reworking of
sediments.

Studies on benthic foraminiferal assem-
blages from sediments of the Porcupine
Seabight (PSB) have been confined on
analyses of surface samples. Weston (1985)
presents both, living and dead benthic fora-
miniferal assemblages from surface samples
south of 51°50°’N in the PSB and found ex-
tremely good zonations of foraminiferal
faunas with respect to depth, dominated by
Trifarina angulosa, Gavelinopsis lobatulus
and Uvigerina pygmaea. Other studies (e.g.
Gooday, 1986; Lambshead and Gooday,
1990) focussed their analyses on spatial dis-
tribution of living epibenthic and shallow
infaunal species and their response to sea-
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sonally deposited phytodetritus within the
northern part of the Sea Bight.

However, little is known about benthic
foraminiferal assemblages and their varia-
tions over the past glacial-interglacial cy-
cle(s) for the PSB. Such studies are reported
from areas further offshore in the Rockall
Trough (e.g. Rasmussen et al., 2002a;
2002b; Thomas et al., 1995), to the north of
the Sea Bight, offshore Scotland (Austin and
Kroon, 1996) or in areas of the Western
Approaches to the south of the PSB (Caralp,
1985).

Carbonate mounds occur in a distinct
depth range of the PSB and are densely set-
tled by cold-water corals, mainly Lophelia
pertusa (Freiwald, 2002). Studies on faunal
abundances of benthic foraminifera from
these carbonate mounds are extremely lim-
ited. Only Coles et al. (1996) described spe-
cies in relation to carbonate mounds of the
northern PSB. Their study only presents
analysis of sediment samples from core top
and core base with varying sample size,
which is insufficient to interpret faunal
changes through time. However, the authors
give a first overview about benthic fora-
minifera in relation to carbonate mounds.

The aim of this study is to present first
results of a detailed study of benthic fora-
minifera from two sediment cores (off-
mound core GeoB 6725-1 and on-mound
core GeoB 6730-1, Fig. 3-1) from the north-
ern PSB. The distribution and abundance of
the dominant and subdominant species is
described in detail and has been related to
oceanographic and environmental condi-
tions. Furthermore the identified assem-
blages of the off-mound core are compared
to the samples from the on-mound position
to reveal similarities and differences of the
two different environments.



3.1.2 Study area and hydrography

The PSB is an amphitheatre-like embayment
widening to the southeast. It is bound by the
Irish mainland shelf to the east, the Slyne
Ridge to the north, and the Porcupine Bank
to the west (Fig. 3-1). The shallowest parts
(<200 m) are represented by the shelf and
occur in the northern PSB, deepening
gradually towards the south, where a depth
of >4000 m is reached (Porcupine Abyssal
Plain). The shallow shelf is predominantly
covered by fine to coarse sand and varying
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carbonate contents of 25 to >75 %. Below
~500 m depth the mud content as well as the
number of abundant pebbles and boulders
increases and the carbonate content is gen-
erally >50 % (Scoffin and Bowes, 1988).
This environment is under the influence of
the Eastern North Atlantic Water (ENAW)
extending from the seasonal thermocline
(~50 m) down to about 600 m depth (White,
subm).

Figure 3-1. Location of Propeller Mound within the Hovland Mound province (HMP), north-
ern Porcupine Seabight (MMP = Magellan Mound province, BMP = Belgica Mound prov-
ince). Indicated are the locations of the investigated on-mound core GeoB 6730-1 (star) and

off-mound core GeoB 6725-1 (circle).
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The ENAW originates in the Bay of Bis-
cay, produced by deep convection during
wintertime. This water mass flows poleward
along and adjacent to the NE Atlantic mar-
gin (Pollard et al., 1996), enters the PSB and
turns cyclonically in the northern PSB to
flow topographically steered around the
Porcupine Bank into the Rockall Trough
(Mohn, 2000). A similar flow pattern is de-
scribed for the Mediterranean Outflow Wa-
ter (MOW) underlying the ENAW in 800-
1000 m depth. Increasing salinity and de-
creasing oxygen content below 600 m indi-
cates the mixing-zone of ENAW and MOW
(McCave et al., 2001; White, 2001; White,
subm; Fig. 3-2).

In this water depth (600—1000 m) three
carbonate mound provinces are described
(Fig. 3-1): (1) the Belgica Mound province
(BMP) along the eastern slope with high
elevated structures, (2) the Hovland Mound

province (HMP) located at the northern
PSB, which is bound by (3) the Magellan
Mound province (MMP) further northwest
with mounds already buried by a Pleistocene
sediment cover as indicated through seismic
investigations (Henriet et al., 1998; Freiwald
et al., 2000; 2002; De Mol et al., 2002; Van
Rooij et al., 2003).

These mounds are densely settled with
cold-water corals on the tops and flanks
(Freiwald, 2002) and are elevated up to
200 m above the surrounding sea-floor.
Strong currents are reported from the Bel-
gica Mound province (mean flow of
10 cm s, Pingree and LeCann, 1990).
These current speeds decrease to mean
flows of 2-5 cm s for the Hovland-
Magellan Mound provinces as a result of a
changing current regime, which turns from
northern to southern directions (White,
subm.).
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Figure 3-2. Hydrographic parameters and characteristic water masses of the upper 1500 m
from outer Goban Spur (from McCave et al. 2001). ENAW: Eastern North Atlantic Water,

MOW: Mediterranean Outflow Water.
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Internal wave reflections forced by the
dominant tidal period additionally contribute
to enhanced currents for the eastern Sea
Bight, but not along the northern margin of
the Hovland and Magellan mounds (White,
subm.).

The Propeller Mound is situated at the
southern edge of the Hovland Mound prov-
ince. Its morphology describes a N-S exten-
sion with three spurs pointing towards the
NE, NW and S (Fig. 3-1). Moats occur
around the foot of the mound and the steep-
est flanks of up to 45° are at the western
side. These features strongly correlate with
the hydrodynamic regime, in this case with

3.2 Materials and Methods

Two sediment cores from the Propeller
Mound region, GeoB 6725-1 (52°09.52° N,
12°46.01° W; water depth 820 m; 450 cm
core length) and GeoB 6730-1 (52°08.86’ N,
12°46.28" W; water depth 704 m; 360 cm
core length; see Fig. 3-1) were investigated.
Both cores were recovered during RV PO-
SEIDON cruise POS 265 in September 2000
(Freiwald et al., 2000). Core GeoB 6730-1
bears fragments of predominantly cold-
water coral L. pertusa and is hereafter re-
ferred to as “on-mound core”, whereas “off-
mound core” GeoB 6725-1 is composed of
hemipelagic sediments. Both cores were
sampled at 5 cm intervals using 10 ml sy-
ringes. Each sample was weighed, carefully
washed over 63 um sieves, dried at 50°C
and weighed again. For faunal analysis all
samples were dry sieved through a sieve set
into fractions 63—125 ym, 125-250 um,
250-500 pm, 500—-1000 pm and >1000 pm.
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strong bottom currents flowing from north-
erly directions to the south with mean ve-
locities of up to 5 cm s' (White, 2001).
Nowadays, cold-water corals cover the up-
per flanks of Propeller Mound, whereas the
top and the deeper flanks mainly consist of
dead coral fragments embedded in
hemipelagic sediments. At core site GeoB
6730-1 only patches of coral growth are
present as reported by underwater investi-
gations using ROV CHEROKEE of RCOM,
University of Bremen (Freiwald and Ship-
board Party., 2002).

3.2.1 Foraminifera analyses

To determine faunal composition of both
cores a minimum of 300 benthic specimens
of foraminifera from the >125 ym fraction
were identified on species level and counted
in each sample. Due to low numbers of fo-
raminifera in glacial sediments, less than
300 specimens per sample were counted in
the off-mound core. The concentration of
benthic foraminifera was calculated as indi-
viduals per gram of sediment dry weight
(ind/g) and percentages of total number of
foraminiferal tests per sample (%). To de-
termine the diversity of benthic fora-
miniferal assemblages (1) the species
diversity expressed in numbers of species
corrected to an equal size of 100 specimens
(Lutze, 1980) and (2) the diversity index
H(S) (Murray 1991) was calculated. The
designation of epibenthic and attached
epibenthic species follows the observations
and results of Murray (1991) and Schonfeld
(1997; 2002a; 2002b). A taxonomic list of
the dominant (>10 % of total abundance)
and subdominant (5-10 %), as well as some
minor (<5 %) species of benthic foramini-
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fera described in this study is given in Ap-
pendix 1. Relative abundances of benthic
foraminifera are given in Appendix 2 for
off-mound core GeoB 6725-1 and in Ap-
pendix 3 for on-mound core GeoB 6730-1.

3.2.2 Stratigraphic analyses

The age models for cores GeoB 6725-1 and
GeoB 6730-1 are based on accelerator mass
spectrometry (AMS) "“C dates, stable oxy-
gen isotope data and U/Th dates for the on-
mound core (Table 3-1).

Stable oxygen isotope composition of
shells of benthic foraminifera Cibicidoides
kullenbergi or Cibicidoides wuellerstorfi
(3-5 specimens of fraction 250-500 um)
and planktic foraminifera Globigerina bul-
(15 specimens of fraction
250-315 um) were measured with a Finni-

loides

gan MAT 251 mass spectrometer at Isotope
Lab Bremen University.

The isotopic composition of the carbon-
ate sample was measured on the CO, gas
evolved by treatment with phosphoric acid
at a constant temperature of 75°C. For all
stable isotope measurements a working
standard (Burgbrohl CO, gas) was used,
which has been calibrated against PDB us-
ing NBS 18, 19 and 20 standards. Conse-
quently, all 80 data given here are relative
to the PDB standard. Analytical standard
deviation is about +0.07 %o PDB. AMS "C
dates on Neogloboquadrina pachyderma
(either dextral or sinistral, fraction 125-250
um, ~10 mg) were analysed at Leibniz
Laboratory for Age Determinations and
Isotope Research, University Kiel (Nadeau
et al., 1997). Calibration to calendar years
was performed using Calib 4.3 software

Table 3-1. AMS "C dates, U/Th dates and age control points of cores GeoB 6725-1 and

GeoB 6730-1.

Laboratory number” Core depth AMS *C age
(cm) (yr BP)

Core GeoB 6725-1

KIA 16206 68 7135

KIA 16202 168 20360
368

Core GeoB 6730-1

KIA 16201 23 4370
88

KIA 16200 93 42700
158
188

KIA 16196 208 45010
268
358

+ Err. Calibrated age

(yr) (cal yr BP)

45 7600

140 23530
30830°

35 4500

300 93000°¢

+2090/-1660 > 45000

1000 124000°¢

7300 176000 ¢

+2820/-2080 > 45000

1800 176000 ¢

2500 207000 ¢

The “C ages were corrected for a reservoir effect of 400 yr and calibrated using the Calib 4.3 software of Stuiver

and Reimer (1993).
*KIA, Leibniz Laboratory, University of Kiel, Germany.

® Inter-core correlation to off-mound cores GeoB 6719-1 and GeoB 6718-2 (Appendix 7).

¢ U/Th dates performed by V. Liebetrau, GEOMAR Kiel, Germany. Detailed ratios published in Appendix 7.

4 U/Th ratios: Z*U/AU=77 + 2 %o; 2*U = 2.906 + 0.003 dpm/g; *°Th = 2.546 + 0.043 dpm/g; ***Th = 0.00744 +
0.00005 dpm/g; *°Th/**Th = 343.1 + 6.3 dpm/g; *°Th/**U = 0.813 + 0.014 dpm/g.
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(Stuiver and Reimer, 1993) and marine data
set of Stuiver et al. (1998) with a reservoir
age of 400 yr. All ages are given as 10’ cal-
endar years before present (kyr BP).

Fragments of cold-water coral Lophelia
pertusa, which occur throughout the entire
on-mound core, were used for determination
of the U/Th ratio of the aragonite skeleton.

3.3 Stratigraphy

Off-mound core GeoB 6725-1 comprises the
marine isotopic stages (MIS) 1, 2 and Late 3
(Fig. 3-3a). The evaluation of the stratigra-
phy is based on (1) AMS "C dates, (2) sta-
ble isotope measurements on C. kullenbergi,
C. wuellerstorfi and G. bulloides (for top
120 cm, which corresponds to the last 20
kyr BP) and (3) inter-core correlation with
off-mound cores GeoB 6718-2 and GeoB
6719-1 (Appendix 7).

The lower core part is characterised by
reworked material (not shown). Correlation
to other off-mound records reveals an age of
>31 kyr BP for this turbidite event. Late
MIS 3 is characterised by high benthic 8'°O
values of 3-3.5 %o increasing slightly to-
wards MIS 2 to >3.5 %.. An AMS "“C date
indicates an age of 23.5 kyr BP after the
transition of MIS 3 to 2 (Appendix 7). MIS
2 shows high benthic and planktonic §'°O
values. At around 14 kyr BP the planktonic
stable oxygen isotopes reaches much lighter
values. Visual core description indicates a
large burrow consisting of coarse and car-
bonate-rich sediments. An additional AMS
"“C date within this section indicates an age
of 7.65 kyr BP, indicating an interval of
bioturbated sediments. Again, light plank-
tonic 8O values occur in the Holocene
section as illustrated in Figure 3-3a, whereas
the benthic 8O values remain very high
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The coral fragments were physically cleaned
to remove secondary Mn- and Fe-coatings
following the standard procedure described
in Cheng et al. (2000a). Sample measure-
ments using a Finnigan MAT 262 RPQ2+
Thermal Ionisation Mass Spectrometer
(TIMS) were performed at GEOMAR, Kiel.
All absolute ages are given in Table 3-1.

most certainly due to bioturbation by trans-
ferring the dominant glacial foraminifera
C. kullenbergi into the Holocene sequence.
Sedimentation rates vary between
2-3 cm/kyr for the Holocene, ~10 cm/kyr
for MIS 2 and ~30 cm/kyr for late MIS 3.
Similar values are also reported in other
near shelf studies of the NE Atlantic (e.g.
Rasmussen et al., 2002b; Auffret et al.,

2002; De Mol et al., 2002).

The classification into marine isotope
stages is still insufficient for on-mound core
GeoB 6730-1 (Fig. 3-3b). The benthic oxy-
gen isotope values show a higher variability
than those of the off-mound record. The
stable oxygen isotope record of the lower
core part (60-360 cm) fluctuates between
1.8 and 3.2 %o suggesting that the peak gla-
cial sediments, which show 8'*0 values of
>3.5 %o in the off-mound record, but also
peak interglacial sediments (<1.8 %o,
Fig. 3-3b) had been removed from the
mound (Appendix 8). U/Th dates support
the assumption that no glacial sediments
occur in the on-mound record (Fig. 3-3b).
Dorschel et al. (Appendix 8) point out sev-
eral hiatuses characterised by distinct peaks
of coarse lithic grains, which occur mostly
at abrupt shifts in stable oxygen isotopes
(Fig. 3-3b). They relate these concentrations
of coarse grains to ice rafted detritus
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(a) Off-mound core GeoB 6725-1
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Figure 3-3. Stable isotopes, absolute abundance of benthic foraminifera in numbers of indi-
viduals per gram dry weight sediment (ind/g) and benthic diversity indices (spec/100ind) of
(a) off-mound core GeoB 6725-1 and (b) on-mound core GeoB 6730-1. Light grey areas indi-
cate bioturbated sediments within the off-mound core (a) and removal of glacial sediments
(hiatuses) for the on-mound core (b), respectively (hiatuses from Appendix 8). AMS "“C dates
(filled diamond, open diamond = bioturbated age), date revealed from inter-core correlation
(square) and U/Th dates (open circles) are listed in Table 3-1.

deposited during glacials and winnowed
during terminations, where the current re-
gime is enhanced. These results suggest a
division into several sections, which may be
related to interglacial or interstadial periods
(Fig. 3-3b). Low 8"°0 values of ~1.5 %o and
an AMS date of 4.5 kyr BP at 23 cm clearly
characterise a Holocene cover of 50-60 cm.

3.4 Benthic foraminiferal spe-
cies and assemblages in off-
mound sediments

In core GeoB 6725-1, a total of 97 identified
species belonging to 57 genera of benthic
foraminifera have been found. Absolute
abundance of benthic species is low in
sediments comprising MIS 3 rarely exceed-
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ing 200 ind/g, but increasing abruptly to
>2000 ind/g during the Holocene
(Fig. 3-3a). The normalised species diversity
and diversity index H(S) decrease from
around 30 species (H(S) = 2.5) during late
MIS 3 to 20 species (H(S) = 2) for MIS 2
and exceed values of 30 species (H(S) >2.6)
in the Holocene (Fig. 3-3a).

Classification into dominant, subdomi-
nant and minor species reduces the total
number of 97 species to fourteen most
abundant species, which represent on aver-
age 76.6 % of the total assemblage. Two
distinct assemblages have been determined
(Fig. 3-4). One assemblage depicts high
relative abundance of 60—80 % during MIS
3 and 2, referred to as Glacial group. Spe-
cies of the second assemblage dominate
samples with >60 % during the Holocene



and therefore is referred to as Interglacial
group. Dominant relative abundance of the
single species Elphidium excavatum ex-
ceeding 50 % during late MIS 3 is coherent
with high sediment supply and indicates that
this species is considered as a displaced one
and is therefore not contributing to the fossil
community.

3.4.1 Special conditions for Elphidium
excavatum

E. excavatum shows high relative abundance
of >50 % in the lower core part of GeoB
6725-1 (Fig. 3-5). According to Seiden-
krantz et al. (2000) it belongs to the epi-

a U. mediterranea T. angulosa
@ (%) (%)
0 5101520 25

(%) (%)

246 810

H. balthica M. barleeanum B. marginata C. laevigata U. peregrina
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phytic taxa, but Murray (1991) described
non-keeled species of the family Elphidiidae
as infaunal, living free in the sediment of the
inner shelf. E. excavatum is extremely toler-
ant to and adaptable of large variations in
temperature, salinity and food supply (Linke
and Lutze, 1993), which is profitable for
surviving in near glacial environments
(Nagy, 1965; Hald et al., 1994). It occurs in
shallow polar seas (Hald et al., 1994;
Schroder-Adams et al., 1990), in the prox-
imity of river estuaries in the Barents and
Kara Sea, in areas with heaviest ice cover
(Steinsund and Hald, 1994) and in ice-rafted
sediments in the Norwegian Sea (Hald and
Vorren, 1987).
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Figure 3-4. Relative abundance of dominant and subdominant benthic foraminifera of off-
mound core GeoB 6725-1. (a) Species with highest abundance during the Holocene. (b) Spe-
cies with highest abundance during MIS 2 and 3. Light grey = bioturbation. Note: Species
E. excavatum is not considered within calculation of relative abundance of illustrated species

(see text).
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The depth range of E. excavatum is dis-
cussed controversially in the literature. Sei-
denkrantz et al. (2000) reported this species
to live in shallow shelf areas generally
above 200 m, but it has been reported to
survive, even if passively transported to
greater depth (Bergsten, 1994; Corliss,
1991). At the Faeroe-Shetland Ridge in wa-
ter depths >1000 m, Rasmussen et al. (1996)
concluded that this species is most important
for transitional cooling events. A study on
glacial sediments from Ireland’s east coast
and the Irish Sea describes very high abun-
dance of 80 to 95 % of E. excavatum in ma-
rine mud beds below and interbedded with
ice-contact outwash (McCabe and Clark,
1998). They relate the occurrence of this
species to areas vacated by tidewater gla-
ciers, as reported from contemporary Artic-
subarctic areas. According to Struck (1992),

Off-mound
shelf erosion index

E. excavatum LSR
(%) (cm/kyr)
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Figure 3-5. Relative abundance of Elphid-
ium excavatum and Linear Sedimentation
Rate (LSR) of the off-mound core. Both
records show a strong correlation, which
determines E. excavatum to be considered as
a displaced species.
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the abundance of E. excavatum is consid-
ered to be an indication of erosional proc-
esses from shallow shelf areas and therefore
is not part of the fossil community.

3.4.2 The Glacial group

The Glacial group is dominated by Cas-
sidulina teretis, Globocassidulina subglo-
bosa, Cassidulina reniforme, Cibicidoides
kullenbergi, and the subdominant species
Cassidulina obtusa and Sigmoilopsis woodi.
This assemblage depicts high relative abun-
dance for MIS 3 (>50 %) and increases to
values up to 80 % for late MIS 3 and MIS 2
(Fig. 3-4b).

C. teretis is the most abundant species in
this assemblage. It increases from 20 % to
maximum of 70 % during late MIS 3, shows
lower relative abundance of 23 % for the
onset of MIS 2 and increases again to 60 %
within peak glaciation (Fig. 3-4b). C. teretis
is reported to live shallow infaunal (Murray,
1991) but also as epifaunal on sponge nee-
dles (Altenbach, 1992). It feeds on organic
debris at the surface or in the uppermost
layer of the sediment (Korsun and Polyak,
1989). Mackensen and Hald (1988) de-
scribed C. teretis as a continental slope spe-
cies thriving in cold bottom waters (—1°C)
from the Norwegian shelf and slope, prefer-
ring fine-grained, organic-rich, terrigenous
mud. In the Barents and Kara Sea, Steinsund
and Hald (1994) observed this species fol-
lowing chilled Atlantic waters.

In sections with lower abundance of
C. teretis (onset of MIS 2, around
23-24 kyr BP and in late MIS 3 at 28.5 and
31 kyr BP), G. subglobosa, C. reniforme,
C. kullenbergi, C. obtusa and S. woodi show
their maximum relative abundances
(Fig. 3-4b). C. reniforme seems to prefer

similar conditions as C. teretis and is fre-



quent in glaciomarine environments
(Elverhgi and Bomstad, 1980; @steby and
Nagy, 1982). This suggests that C. teretis
and C. reniforme are opportunistic species
taking advantage of generally unfavourable
environments (Steinsund and Hald, 1994)
with respect to low temperatures and zones
of oxygen depletion (Kaiho, 1994; Mullins
et al., 1985). C. obtusa has been found on
the Norwegian shelf mainly in troughs
where sandy mud facies occur (Hald and
Vorren, 1984). G. subglobosa is an infaunal
form (Murray, 1991) preferentially living at
higher oxygen levels of the sediment pore
water (Kaiho, 1994), but also tolerating high
environmental stress (Seidenkrantz et al.,
2000). Rasmussen et al. (1996) reported of
increasing abundances of C. obtusa and G.
subglobosa in sediments of deglaciation and
Holocene from the Faeroe-Shetland Gate-
way. C. kullenbergi is described as epiben-
thic species, but also lives shallow
endobenthic and is therefore not considered
to belong to the ‘Attached Epibenthos
Group’ (Schonfeld, pers. comm.).

3.4.3 The Interglacial group

The Holocene interval is dominated by Uvi-
gerina mediterranea and Trifarina angu-
losa. Subdominant species are Melonis
barleeanum, Hyalinea balthica, Bulimina
marginata, Cassidulina laevigata and
Uvigerina peregrina (Fig. 3-4a). All species
show similar distribution throughout the
entire core with maximum values during the
Holocene and the bioturbated section. Only
C. laevigata presents slightly higher relative
abundance during MIS 2 and at the transi-
tion between MIS 2 and 3. M. barleeanum
also shows higher values during late MIS 3
with a decreasing trend towards MIS 2
(Fig. 3-4a). The combined relative abun-
dance of all species of the Interglacial
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group reaches a maximum of 68 % for the
past 10 kyr but rarely exceed 10 % during
MIS 2 and 3 (Fig. 3-4a).

U. mediterranea, T. angulosa, M.
barleeanum, B. marginata and U. peregrina
are reported as infaunal species living in
muddy to fine sandy sediments (Murray,
1991), whereas T. angulosa is associated
with coarser sediments under the influence
of stronger bottom currents (Mackensen et
al., 1995; Rasmussen et al., 2002a). Except
T. angulosa, these species show a great af-
finity to high and continuous flux of organic
material to the sea-floor (e.g. Loubere,
1991; Mackensen et al., 1993; Kaiho, 1994),
which is most important for the recent dis-
tribution of Uvigerina species (Thomas et
al., 1995; Altenbach et al., 1999). M.
barleeanum shows special demands on
quality and concentration of food (Caralp,
1989) and is migrating upward in sediment
during times of starvation (Linke and Lutze,
1993).

All infaunal species are tolerant with re-
spect to reduced oxygen concentration in the
pore water (Kaiho, 1994; Briichert et al.,
2000; Seidenkrantz et al., 2000). C. laevi-
gata is an epifaunal species and is, similar to
Epistominella exigua, characteristic of areas
with seasonal food supply to the sea bottom
(Gooday 1986, 1988). The latter species
show high relative abundances in NE Atlan-
tic regions further offshore (e.g. Thomas et
al., 1995; Smart and Gooday, 1997; Ras-
mussen et al., 2002a; 2002b), but occurs
only as a minor species (<3 %) in the Holo-
cene succession of core GeoB 6725-1.
Weston (1985) showed that E. exigua is
highly abundant in water depth >2400 m in
the PSB. H. balthica is an epibenthic species
(Murray 1991) very common in upper slope
environments in the PSB (Coles et al 1996).
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3.5 Paleoceanography of the
Porcupine Seabight

3.5.1 Shelf erosion during Late MIS 3

In off-mound core GeoB 6725-1 the abun-
dance of E. excavatum strongly correlates
with the sedimentation rate. During late
MIS 3 sedimentation rate was very high
(>30 cm/kyr) and E. excavatum exceeds
50 % of the relative abundance. The abun-
dance and the sedimentation rate decrease
towards MIS 2 to around 15 % and to
around 10 cm/kyr, respectively (Fig. 3-5).
This relation suggests that E. excavatum is
transported passively from the surrounding
shallow shelves into the PSB. Therefore, the
abundance of this species is considered to be
an indicator for shelf erosion and high sedi-
ment shedding into the PSB.

During Late MIS 3, polar conditions and
near-glacial environments influenced the
PSB and Ireland. This is indicated by high
numbers of E. excavatum (Fig. 3-5), which
nowadays occurs in near-glacial environ-
ments. The British Irish Ice Sheet (BIIS)
covered almost complete Ireland during
MIS 2 to 4, interrupted by occasional retreat
and advance of glaciers. Knutz et al. (2001)
described a progression of glaciers reaching
the edge of the shelf north of the Sea Bight
at the Barra Fan, indicated by an abrupt in-
crease of basaltic ice rafted debris into ma-
rine sediment around 30 kyr BP. Increased
terrigenous sediment supply and the abrupt
increase of E. excavatum probably indicate
the advance of BIIS onto the Irish Mainland
shelf ~31 kyr BP. A sea-level drop of 50 m
during Late MIS 3 (Lambeck et al., 2002)
most certainly forced sediment erosion from
the shelf, which decreased towards MIS 2
indicated in decreasing abundance of
E. excavatum (Fig. 3-5).
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3.5.2 Glacial setting

The Glacial group strongly reflects the in-
fluence of polar conditions in the northern
PSB. Absolute abundance of benthic fora-
minifera is very low during MIS 2 and 3
(Fig. 3-4a). However, the high sedimenta-
tion rate suggests dilution of faunas. The
Polar Front was situated south of 50°N,
which led to seasonal sea-ice cover over the
PSB and Bank during glacial winter, as in-
dicated by paleotemperature reconstruction
of <1°C for paleo-surface waters (Sarnthein
et al., 2003). Glacial summer sea surface
temperature of 4°C caused the retreat of sea-
ice cover.

Dominant abundance of C. teretis and as-
sociated fauna of the Glacial group indicate
the influence of a cold water mass. As
C. teretis is found in present water tem-
peratures down to —1 to 2°C (Mackensen
and Hald, 1988; Wollenburg and Macken-
sen, 1998), a similar glacial intermediate
water temperature most certainly occurred
taking the dominance of this species into
account. C. teretis and C. reniforme are as-
sociated with nutrient-poor bottom water
conditions and slow benthic currents speeds
(Belanger and Streeter, 1980; Sejrup et al.,
1981; Mackensen et al., 1985; Rasmussen et
al., 2002b). A weak glacial hydrodynamic
regime is also indicated by the deposition of
fine-grained terrigenous sediments (Chapter
4, Appendix 8). Moreover, Schonfeld and
Zahn (2000) reported about a glacial MOW
flow up to 800 m deeper than today due to
increased density (i.e. higher salinity) and
found no indication of a northward trans-
port. Instead, Glacial North Atlantic Water
(GNAIW) dominated the water column
down to 1700-2000 m. These observations



indicate that no comparable water mass
boundary at intermediate water depth during
glacial times was present as it occurs today
with strong hydrodynamic regime and high
nutrient concentration.

According to Duplessy et al. (1988) and
Oppo and Lehman (1993) the term GNAIW
is used for mid-depth waters of uncertain
origin. Manighetti and McCave (1995) re-
ported GNAIW production to occur in the
North Atlantic flowing southward via the
Wyville-Thomson Ridge and the Rockall
Trough. This is supported by Veum et al.
(1992) suggesting GNAIW production in
the Norwegian Sea through a mechanism
strongly influenced by sea-ice formation.
They also mentioned that the composition of
GNAIW may have changed during glacial
time due to differing sources. Sarnthein et al
(2001; 2003) discussed a production area of
Upper North Atlantic Deep Water west off
Rockall Bank at least during glacial winters.
Different source of glacial intermediate wa-
ters is probably indicated by changing abun-
dances of Glacial group species (G .
subglobosa, C. obtusa, C. kullenbergi, S.
woodi, Fig. 3-4b). G. subglobosa and C.
obtusa show increasing abundance during
the time of deglaciation and the Holocene in
cores south of the Faeroe-Shetland Gateway
(Rasmussen et al., 2002b). These species
probably indicate a slight increase in bottom
water temperature and/or enhanced ventila-
tion (higher oxygen concentrations) as a
result of a different source of GNAIW dur-
ing early MIS 2.

3.5.3 Holocene setting

The transition from MIS 2 to the Holocene
is marked by a sharp shift in faunal assem-
blages. The abundance of the Glacial group
decreases from >60 % to around 10 %,
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while the Holocene group increases from
around 10 % to >60 % (Fig. 3-4a). This dis-
tinct change indicates the replacement of the
glacial setting by present-day oceanographic
and environmental conditions. The Polar
Front moved northward to its modern posi-
tion crossing the PSB. Warm and saline
waters of the North Atlantic Drift entered
the North Atlantic carrying higher tempera-
tures and thus providing more moisture to
the North Atlantic realm. During the retreat
of the BIIS from Ireland, the sea-level in-
creased by 120 m from its maximum low-
stand at ~18-20 kyr BP to its present level
at ~6 kyr BP (Siddall et al., 2003; Clark et
al., 1999; Lambeck et al., 2002).

Low sedimentation rate during the Holo-
cene inhibits the detection of small-scale
variations within the course of the past
10 kyr. Thus, the period will be described as
a whole, reflecting present-day conditions.
The assemblage of the Interglacial group
strongly correlates with the recent environ-
mental conditions and oceanographic setting
of the northern Porcupine Seabight. The
domination of infaunal species (U. mediter-
ranea, M. barleeanum, U. peregrina, B.
marginata) during this period indicates that
the bottom environment was characterised
by a high amount of organic material in the
sea-floor sediment. Strong and continuous
flux of organic material to the sea-floor oc-
curs due to enhanced surface primary pro-
ductivity on the shelf and bank.

Present-day primary production of
160 ¢ C m™ yr' is a typically value for the
shelf environment measured in the nearby
region of the Goban Spur at the mouth of
the PSB (Joint et al., 2001). They estimate
about 60 g C m” yr' available for export to
intermediate and off-shelf water. White et
al. (subm.) described several mechanisms
driving enhanced downslope transport of
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organic material, such as offslope Ekman
transport, cascading and benthic nepheloid
layers. Nowadays, bottom nepheloid layers
and intermittently present intermediate
nepheloid layers in water depth of 700 m to
1400 m are reported at the Goban Spur area
(McCave et al., 2001). The distribution of
intermediate nepheloid layers strongly cor-
relates with water mass boundary of ENAW
and MOW. The combined effect of internal
waves and northward oriented slope currents
suggests a similar distribution of these
nepheloid layers within the PSB. Species of
the Interglacial group benefit from this high
and rapid down-slope deposition of nutri-
ents, their resuspension in greater depths
and transport into the Sea Bight and thus
dominate the benthic assemblage of the past
10 kyr.

All endobenthic species of the Intergla-
cial group are associated with lower oxygen
concentrations in the sediment pore water
(Murray, 1991; Kaiho, 1994; Bruchert et al.,
2000; Seidenkrantz et al., 2000), probably

3.6 Occurrence of benthic fora-
miniferal assemblages in on-
mound sediments

In contrast to the off-mound core, 114 spe-
cies belonging to 74 genera of benthic fora-
minifera have been identified in on-mound
core GeoB 6730-1. Absolute abundances are
generally higher in on-mound samples
ranging between 200 and 800 ind/g, reach-
ing maximum abundances of 1000 ind/g in
the Holocene (Fig. 3-3b). The normalised
species diversity and diversity index H(S)
indicate a higher diversity of benthic fora-
minifera on-mound. The numbers range
between 31 species (H(S) = 2.4) at the core
base and 49 species (H(S) = 3.4) at the core
top (Fig. 3-3b).
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indicating low-level oxygen concentration
of the overlying water mass. In water depths
of 600 to 800 m the mixing of ENAW and
MOW controls the present-day oceanogra-
phy. MOW is characterised by high salinity
and low oxygen content as indicated in
Figure 3-2 (McCave et al., 2001). Thus, the
Interglacial Group probably portrays this
mixing process and the influence of MOW
in the northern PSB.

Recent current meter measurements in
the PSB show the influence of strong bot-
tom currents along the slope of the PSB in
water depths of carbonate mound provinces
(White, 2001; White et al., subm.). Coarser
sediments in the Holocene samples indicate
the stronger hydrodynamic regime during
this period, supported by fine fraction analy-
sis from off-mound sediment cores (Chapter
4; Appendix 8). T. angulosa is associated
with coarse-grained sediments (Mackensen
et al., 1993; 1995; Rasmussen et al., 2002a)
and higher abundances indicate the influ-
ence of stronger currents.

To evaluate how on-mound sediments
differ from samples of the off-mound core,
we grouped the off-mound identified species
of the Interglacial and Glacial group in
samples of on-mound core GeoB 6730-1
(Fig. 3-6). This method additionally helped
to determine glacial or interglacial sections,
as the age model is incomplete due to the
assumingly preferred loss of glacial sedi-
ments (Appendix 8). Both assemblages
show lower relative abundance in on-mound
samples ranging between 20 and 60 % for
the Interglacial group and 10 to 45 % for
the Glacial group. Additionally, a third as-



semblage dominated by epibenthic species
has been identified and is described by spe-
cies rarely found in off-mound samples and
therefore termed as Mound group. This
group presents high values of 40 % in the
lower core part and decreases towards core
top to ~10 % (Fig. 3-6). All species of the
three assemblages describe the core with
mean 73.1 %.

3.6.1 The Interglacial group in on-
mound sediments

Species belonging to the Interglacial group
show different distributions throughout the
on-mound record (Fig. 3-6). U. mediterra-
nea, H. balthica and U. peregrina have
lower maximum abundances compared to
off-mound site, showing maximum abun-
dances during the Holocene. Also higher
abundant during the Holocene are
M. barleeanum (exceeding 15 %) and
C. laevigata (>10 %). Both species are more
dominant than in off-mound samples,
whereas 7. angulosa and B. marginata show
considerably higher occurrences below
60 cm (Fig. 3-6). The combined stack of the
Interglacial group does not present compa-
rable low off-mound glacial values of
around 10 %. Only at ~180 cm and ~315 cm
the values fall below 20 %. Similar off-
mound Holocene values are reached be-
tween 70 and 90 cm, but the record de-
creases to around 45 % for the Holocene.

The combined stack of Interglacial group
species demonstrates that this group gener-
ally describes >20 % of the faunal assem-
blage with similar Holocene values as in the
off-mound core around 70 cm. During the
Holocene the group reaches values of
~45 %, approximately 20 % lower than in
the off-mound core. This suggests additional
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species being abundant in Holocene off-
mound samples (i.e. the Mound group, see
below).

3.6.2 The Glacial group in on-mound
sediments

Glacial species C. obtusa, C. reniforme
and S. woodi are less abundant in sediment
core GeoB 6730-1 (Fig. 3-6). C. kullenbergi
reaches maximum abundance of 9 % at 150
cm and 70 cm, and C. teretis exceed 20 %
only at 313 cm. The only species higher in
abundance, compared to the glacial off-
mound samples, is G. subglobosa, showing
elevated values in two distinct intervals
within the 180-260 cm core section (Fig. 3-4
and 3-6). With values around 12 % the
combined record of the Glacial group pre-
sents comparable values to those species of
the off-mound Holocene succession. Only
four sections with relative abundance ex-
ceeding 20 % are visible, but the maximum
of 40 % is by far to small to describe com-
parable glacial values, as in the off- mound
core (Fig. 3-4).

Both the Interglacial group and Glacial
group clearly demonstrate a generally lower
abundance compared to the off-mound core.
Only four specific sections (123-153 cm,
173-208 cm, 233-268 cm, 308-323 cm)
show slightly higher values with respect to
the Glacial group giving evidence for gla-
cial conditions during deposition.

3.6.3 The Mound group

Dominant species of the Mound group are
Discanomalina coronata and Gavelinopsis
translucens. Both species show high relative
abundances in the lower core part and de-
crease towards the core top (Fig. 3-6).
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Figure 3-6. Relative abundance of benthic foraminifera of on-mound core GeoB 6730-1. Top
panel: Species identified as Interglacial group in off-mound core. Centre panel: Species iden-
tified as Glacial group (MIS 2 and 3) in off-mound core. Bottom panel: dominant, subdomi-
nant and minor benthic foraminifera of the Mound group identified in on-mound core, which

are not abundant or only to a minor degree in

This is also the case for the subdominant
(Cibicides lobatulus, Cibicides refulgens,
Quinqueloculina vulgaris, Bolivina robusta)
and minor species (Hyrrokkin sarcophaga).
Planulina ariminensis and Trifarina bradyi
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the off-mound core.

have high abundance during the Holocene,
suggesting a connection to the Interglacial
group. However, as they are largely sup-
pressed or even lacking in off-mound sam-
ples, they contribute to the Mound group.



All species are reported to be epifaunal,
except B. robusta, which was found to live
also shallow infaunal (Murray, 1991).
D. coronata, G. translucens, C. lobatulus,
C. refulgens and P. ariminensis favour envi-
ronments with high bottom currents and
coarse sediments (e.g. Pujos, 1971; Hald
and Vorren, 1984; Murray, 1991) living
attached to elevated substrates (Schonfeld,
1997; Schonfeld and Zahn, 2000; Schonfeld,
2002a; 2002b). H. sarcophaga contributes
to a minor content to this assemblage. It
lives attached to L. pertusa and shows a
parasitic life style (Freiwald and Schonfeld,
1996). Some individuals of H. sarcophaga
have been counted still attached to frag-
ments of L. pertusa in fraction >1000 pm,
but it is generally rarely found in the sam-
ples.

3.6.4 Impact of the hydrodynamic re-
gime and the influence of MOW
in the PSB

An additional indication for changing cur-
rent-strength intensities is described by
Schonfeld (2002b). High abundance of op-
portunistic epibenthic species, which are
specialised to catch particles from streaming
water (Lutze and Thiel, 1989; Linke and
Lutze, 1993), is associated to intensified
benthic currents (Schonfeld, 1997; 2002a;
2002b). The author reported of a benthic
foraminiferal assemblage dominated by
C. lobatulus, C. wuellerstorfi, D. coronata,
P. ariminensis, and Vulvulina pennatula,
living directly on the lateral particle flow of
MOW at the Portuguese Margin. The strat-
egy to live attached on elevated substrates
provides these species with a competitive
advantage over others, resulting in higher
abundances in both, living and dead assem-
blages (Schonfeld, 1997). Similar epibenthic

Chapter 3 — Benthic foraminiferal assemblages

assemblages have also been reported in ar-
eas presently affected by MOW advection
along the European continental margin, e.g.
in the Bay of Biscay (Pujos, 1971), at the
Western Approaches and in the Porcupine
Seabight (Weston, 1985).

The Mound group comprises most of the
identified benthic foraminifera with an at-
tached epibenthic life style. This group is
similar to the ‘Attached Epibenthos Group’
described by other studies along the Euro-
pean continental margin. According to ob-
servations of Murray (1991) and Schonfeld
(1997, 2002a; 2002b) Cibicidoides wueller-
storfi, Gaudryna nitida and Patellina corru-
gata were attributed to the Mound group to
form the ‘Attached Epibenthos Group’
(Fig. 3-7).

With species living attached to elevated
substrates, high abundance of ‘Attached
Epibenthos Group’ species from on-mound
core most certainly imply periods with ele-
vated substrates (i.e. corals) and higher
amounts of nutrients, transported by intensi-
fied bottom currents. This suggests a link
between this group and the occurrence of
MOW, as it portrays similar present-day
conditions. Surprisingly, the ‘Attached
Epibenthos Group’ indicates much lower
abundances during the Holocene than in
section 260-320 cm (Fig 3-7). As Schonfeld
(2002a) postulated that a co-occurrence of
the ‘Attached Epibenthos Group’ could
serve as indicator of a near-bottom flow
regime, higher benthic currents on Propeller
Mound may have occurred during the period
described by section 260-320 cm - or -
much more elevated subtrates have been
provided by a much higher coral growth
density on the mound (Chapter 5).

The ‘Attached Epibenthos Group’ con-
sists mainly of species of the Mound group,
therefore, its occurrence in off-mound sam-
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ples is very low. It only reach maximum
abundance of 5 % during the Holocene and
possibly reflects the influence of MOW in
conjunction with an intensified hydrody-

Off-mound
'Att.Epib.Group'
(%)

4 8 12

L1 1 1

Holocene

bioturbated
sediments

MIS 2

age (kyr BP)

Late
MIS 3

core depth (cm)

namic regime (Fig. 3-7). Another explana-
tion of slightly higher abundance of these
species at the off-mound site is that they
have been transported from the mound.
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Figure 3-7. ‘Attached Ebibenthos Group’, which is mainly described by the Mound group, of
off- and on-mound cores. Their abundance probably indicates the influence of MOW in the

PSB and enhanced bottom current regime.

3.7 Summary and conclusions

Faunal analysis of dead benthic foraminifera
from a carbonate mound and an off-mound
position in the northern PSB reveals three
different assemblages. The Interglacial and
Glacial group identified in off-mound sam-
ples clearly reflect the oceanographic and
environmental conditions for the Holocene,
MIS 2 and Late MIS 3, summarised in
Table 3-2. During Late MIS 3 high abun-
dance of the displaced species E. excavatum
indicates strong shelf erosional processes
related to the advance of the British Irish Ice
Sheet onto the Irish Mainland shelf with a
coeval sea-level drop of around 50 m.
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The Glacial group is typical for present-
day polar regions and its dominant species
C. teretis, C. kullenbergi, G. subglobosa,
C. reniforme, C. obtusa and S. woodi de-
scribe the influence of a very cold interme-
diate water mass, as well as low nutrient
availability. High sedimentation rate of pre-
dominantly terrigeneous material and low
current velocities must have prevailed dur-
ing this time.

The Interglacial group is described by
high abundance of U.mediterranea, T. an-
gulosa, H. balthica, M. barleeanum,
B. marginata, and C. laevigata. They indi-



cate a warm intermediate water mass and a
high nutrient supply to the sea bottom. The
environmental setting is described by the
mixing of ENAW and MOW, leading to a
strong hydrodynamic regime, which reduces
Holocene sedimentation rate.

The distribution of the off-mound identi-
fied assemblages in the on-mound core
shows that no clear glacial conditions are
preserved in on-mound sediments, whereas
the Interglacial group is relative abundant
throughout the complete core, and shows
lower abundance than in the off-mound
core. As the on-mound core is marked by
several hiatuses, a removal of nearly all gla-
cial sediments is suggested.
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The third assemblage is found in the on-
mound core, dominated by attached
epibenthic species D. coronata, G. translu-
cens, C. lobatulus, C. refulgens, Q. vulgaris,
H. sarcophaga, B. robusta, P. ariminensis
and 7. brady. These species live preferably
attached to elevated substrates, such as the
cold-water coral L. pertusa and do not or to
a minor degree occur in off-mound sedi-
ments. The Mound group or ‘Attached
Epibenthos Group’ is related to the occur-
rence of MOW in the northern PSB and in-
dicate comparable conditions like today
with strong currents and a high nutrient
availability.

Table 3-2. Faunal summary and paleoenvironmental interpretation of foraminiferal assem-

blages of the off-mound core.

Age core depth (cm) Assemblage Benthic species Paleoenvironment
Holocene 0-23 cm Interglacial U. mediterranea, T. angulosa, warm (>8°C) bottom
(0-10 kyr BP) group H. balthica, M. barleeanum, waters, strong currents,
B. marginata, C. laevigata high nutrient supply,
influence of MOW
MIS 2 23-178 cm Glacial group  C. teretis, C. kullenbergi, cold (< 2°C) bottom
(10-24 kyr BP) G. subglobosa, C. reniforme, waters, glacial marine,
C. obtusa, S. woodi high sedimentation rate,
weak currents, low
nutrient availability,
homogenous inter-
mediate water mass,
lowered salinity?
Late MIS 3 178-403 cm displaced E. excavatum cold, near glacial
(24-31 kyr BP) species environment, shelf

erosion, very high
sedimentation rate
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Abstract

Large carbonate mound structures have been discovered in the northern Porcupine Seabight
(Northeast Atlantic) at depths between 600 and 1000 m. These mounds are associated with
the growth of deep-sea corals Lophelia pertusa and Madrepora oculata. In this study, three
sediment cores have been analysed. They are from locations close to Propeller Mound, a
150 m high ridge-like feature covered with a cold-water coral ecosystem at its upper flanks.
The investigations are concentrated on grain size analyses, carbon measurements and on the
visual description of the cores and Computer Tomographic images, to evaluate sediment
content and structure.

The cores portray the depositional history of the past ~31 kyr BP, mainly controlled by
sea-level fluctuations and the climate regime with the advance and retreat of the Irish Ice
Sheet onto the Irish Mainland Shelf. A first advance of glaciers is indicated by a turbiditic
release slightly older than 31 kyr BP, coherent with Heinrich event 3 deposition. During Late
Marine Isotope Stage 3 (MIS 3) and MIS 2 shelf erosion prevailed with abundant gravity
flows and turbidity currents. A change from glaciomarine to hemipelagic contourite
sedimentation during the onset of the Holocene indicates the establishment of the strong,
present-day hydrodynamic regime at intermediate depths.

The general decrease in accumulation of sediments with decreasing distance towards Pro-
peller Mound suggests that currents (turbidity currents, gravity flows, bottom currents) had a
generally stronger impact on the sediment accumulation at the mound base for the past
~31 kyr BP, respectively.
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4.1 Introduction

Carbonate mounds along the European con-
tinental margin have been the subject of de-
tailed investigation by several campaigns
during the past decade (OMARC projects of
the 5" Framework Programme, EU). Within
the Porcupine Seabight (PSB), several
mounds clustered in three distinct provinces
have been identified from high-resolution
seismic profiles (e.g. De Mol et al., 2002;
Van Rooij et al., 2003) and side-scan sonar
images (e.g. Huvenne et al., 2002; Kenyon
et al., 2003; Masson et al., 2003), and were
intensively sampled during cruises between
1997 and 2003 (e.g. Freiwald et al., 2000;
Freiwald and Shipboard Party, 2002). The
Hovland Mound province in the north of the
PSB (Fig. 4-1) is bound by the Magellan
Mound province further northwest, which
mainly consists of already buried mounds
under a Pleistocene sediment cover. The
sea-floor protruding Hovland mounds reach
a height of up to 200 m and occur as single,
conical features or ridge-like structures with
several summits (De Mol et al., 2002).
These mound structures are constructed by
the framework builder Lophelia pertusa and
associated fauna (Freiwald, 1998; Rogers,
1999; Hovland and Mortensen, 1999),
which baffle fine-grained sediment and form
those large topographic features. The occur-
rence of deep-water carbonate mounds in a
distinct depth range of 600 m to 900 m is
closely related to oceanographic conditions
favourable for azooxanthellate corals, of
which high nutrient supply, strong current
activity, temperatures between 4—12°C, and
slow sedimentation rate seem most impor-
tant (Teichert, 1958; Frederiksen et al.,
1992; Freiwald et al., 1999; De Mol et al.,
2002).

Intermediate-water circulation along the
European continental margin and within the
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PSB has an important role in sediment dis-
tribution and downslope transport of terri-
genous and biogenic material (e.g. Joint et
al., 2001; McCave et al., 2001). The influ-
ence of currents is known to be an important
factor in mound initiation, growth and decay
(Freiwald and Wilson, 1998; De Mol et al.,
2002). Sand sheets and sand waves suggest
the present-day sea-floor is swept by rela-
tively strong bottom currents at the Belgica
Mound province (Akhmetzhanov et al.,
2001), which are reduced in the Hovland
Mound province (Huvenne et al., 2002) but
still exceed 15 cm s (White, subm.). Thus,
strong current strength intensities prevent
the burial of the carbonate mounds.

High sedimentation rates are one limiting
factor of carbonate mound development, as
can be seen from the already buried
Magellan mounds (Huvenne et al., 2002).
The Holocene sedimentation rate within the
PSB is generally low with 1-8 cm/kyr,
which is the result of strong benthic currents
removing fine-grained material. However,
sediment deposition was about 3 to 10 times
higher during the last glacial period,
comparable to results of other studies from
the Celtic margin to the south or the
Hebridean continental slope to the north of
the PSB (Auffret et al., 2002; Knutz et al.,
2001). Generally, Quaternary sediment
deposition in near shelf areas is essentially
controlled by the climate regime and sea-
level variability. Both factors control the
weathering of soils, the transport capacity of
rivers, ice sheet dynamics, the annual
coverage of sea ice, and the prevailing wind
and current regimes (McCave, 2002; Auffret
et al., 2002). Continental margins are
preferentially sites of terrigenous sediment
deposition eroded from land and exported to
the ocean essentially through transport by
rivers. However, present-day riverine influx



of terrigenous sediments into the PSB is
low. During peak glacials, the maximum
lowering of the sea-level was 120-130 m
below present level (Labeyrie et al., 1987;
Fairbanks, 1989). This degree of lowering
uncovers effectively the Irish Mainland
shelf and sediments were discharged
directly into the Porcupine Basin with much
reduced trapping in coastal plains.
Additionally, shelf-protruding glaciers over-
rode the uncovered shelves leading to strong
glacial erosion and high supply of reworked
sediments into the basin.

The aim of this study is to describe the
sedimentary setting and processes in the
northern Porcupine Seabight around a car-
bonate mound. It is based on the description
of sediments in three gravity cores revealed

4.2 Regional setting
4.2.1 The Porcupine Seabight

The Porcupine Seabight is an embayment in
the Atlantic Irish shelf, located southwest of
Ireland. It has an extension of about 200 km
in N-S direction and widens from 65 km in
the north to 100 km in the south. The Sea
Bight is surrounded by shallow shelves and
ridges to the west, north and east (Porcupine
Ridge and Bank, Slyne Ridge and Irish
Mainland shelf) and deepens gradually to
the south into the Porcupine Abyssal Plain
(Fig. 4-1). The study area is Propeller
Mound and its surrounding sea-floor, which
was mapped during RV POSEIDON cruise
265 in September 2000 (Freiwald et al.,
2000). This mound is part of a cluster of
high relief mounds of the Hovland Mound
province in a water depth between 650 and
1000 m (52°06°-52°22°N and 11°53’-
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from visual core description and Computer
Tomographic (CT) images, analyses on
grain size distribution, contents, carbon
measurements, and stable isotopes data. The
variability of sediments is controlled by the
hydrodynamic setting and the climate re-
gime with the advance and retreat of the
British-Irish Ice Sheet (BIIS) controlling the
sediment flux from Ireland and the Irish
shelves into the Sea Bight. Surface mor-
phology of carbonate mounds and adjacent
areas have been analysed in detail (e.g. Hu-
venne et al., 2002; Masson et al., 2003; De
Mol et al., 2002). However, here we present
a first detailed study on the sedimentary
downcore variability within the closer vi-
cinity of a carbonate mound.

12°45°W, Hovland et al., 1994; De Mol et
al., 2002). The Propeller Mound is elevated
up to 150 m above the surrounding sea-
floor, possesses a N-S elongation of about 3
km and a maximum extension of 1.5 km in
EW direction (Fig. 4-1). The base of the tri-
angular-shaped mound lies in water depths
of around 800 m to the west and 900 m to
the east. Smaller mounds appear further NE
and NW of Propeller Mound. Its morphol-
ogy clearly indicates a relation to strong cur-
rents running in N-S direction. At the
northern, eastern and western flanks of the
mound little depressions or moats occur,
which are generated by scouring of turbu-
lence currents around the mound (De Mol,
2002). Drift bodies further off mound also
indicate the erosive hydrodynamic regime.
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Figure 4-1. Bathymetric setting of the Porcupine Seabight west off Ireland. Propeller Mound
is located at the southern margin of the Hovland Mound province and was mapped during RV
POSEIDON cruise POS 265 in September 2000 (Freiwald et al., 2000). Indicated are the po-
sitions of investigated gravity cores (core GeoB 6719-1 (star) was only used for stratigraphic
correlation). MMP = Magellan Mound province, HMP = Hovland Mound province, BMP =

Belgica Mound province.

4.2.2 Recent hydrography

The general hydrography along the East
Atlantic Margin is dominated by northward
along-slope currents flowing from the
Iberian Margin to the Norwegian Sea
(Huthnance and Gould, 1989; Pingree and
LeCann, 1989; 1990). Within the PSB, the
Eastern North Atlantic Water (ENAW), a
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winter mode water formed by strong cooling
of waters northwest of Spain, is found to a
water depth of about 750 m. It flows along
the continental margin of the Bay of Biscay
into the Porcupine Seabight (Pollard et al.,
1996; van Aken, 2000; White, subm.).
Between 150 and 400 m, ENAW can be



divided into an upper and lower core of the
Shelf Edge Current (SEC), expressed in
salinity maxima (Hill and Mitchelson-Jacob,
1993; White and Bowyer, 1997). SEC plays
an important role in physical exchange
processes at the shelf break and hence cross-
shelf fluxes (Huthnance, 1995). Mediter-
ranean Outflow Water (MOW) is underlying
ENAW,
maximum and an oxygen minimum at a
depth of about 950 m (Pollard et al., 1996).
A mixing between ENAW and MOW
occurs between 600 and 700 m water depth.

characterised by a salinity

4.3 Materials and methods

Sediment cores GeoB 6718-2, GeoB 6719-
1, GeoB 6725-1, and GeoB 6727-2 were
recovered during RV POSEIDON cruise
POS 265 close to Propeller Mound
(Freiwald et al., 2000, Table 4-1). Before
sampling and splitting of sediment cores,
computer tomographic analysis was
performed at the Universitatsklinikum Kiel,
Department of Radiology by Dr. Morvain.
Still closed core sections were investigated
for their content and sedimentary structures
using a Phillips Tomoscan LX. The CT
radiographs have been scanned and visually
described and were compared with core
description of split core halves.

Each core was sampled using 10 cm’
syringes at 5 cm intervals. All samples were
weighed and than freeze-dried at —50°C.

Table 4-1. Sediment core information
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The general flow pattern in the Porcupine
Seabight is characterized by poleward
flowing currents at all depth levels along the
eastern slope. Direct measurements of
benthic currents indicate mean velocities of
5cms’, exceeding 15 cm s for 15 % of the
measured period (White, subm.). There is
evidence of topographic steering of the
mean flow at the northern end of the PSB.
Currents become weaker (1-5 ¢cm s™') and
flow cyclonically around the slope leading
to a southward flow at the western slope of
the Sea Bight (White, subm.).

With known sediment volume and weight
loss during freeze-drying, the dry bulk
density, porosity and water content were
calculated. One set of samples was wet
sieved through a 63 um sieve and the
suspended fine fraction (<63 pm) was
collected in 5-litre jars for fine fraction
analysis. The coarse fraction (>63 pym) was
oven dried at 50°C and weighed afterwards.
To separate the sample into grain size
fractions, the coarse fraction was dry sieved
through a sieve set with 125 ym, 250 ym,
500um and 1000 xgm mesh widths. All
samples were weighed thereafter.

Stable oxygen isotope analysis was
carried out at Isotope Lab Bremen
University. 3 to 5 individuals of benthic
foraminifera Cibicidoides wuellerstorfi or

Core number Latitide N Longitude W Water depth (m) Recovery (cm)
GeoB 6718-2 52°09.379° 12°45.158’ 900 450
GeoB 6719-1 52°09.233° 12°46.127° 758 580
GeoB 6725-1 52°09.520° 12°46.010° 820 450
GeoB 6727-2 52°08.017° 12°45.970° 794 470
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Cibicidoides kullenbergi were selected from
fraction 250-500 um. C. wuellerstorfi was
rare in most of the samples, especially
within the glaciomarine sediments. There-
fore, the two species were analysed in some
samples, where both occur, which revealed
comparable 8'°0O values for both benthic
species. The Isotopic composition of fora-
miniferal tests was determined on the CO,
gas evolved by treatment with phosphoric
acid at a constant temperature of 75°C.
Working standard (Burgbrohl CO, gas) was
used for all stable isotope measurements.
8'°0 data have been calibrated against PDB
by using the NBS 18, 19 and 20 standards
and are given here relative to the PDB stan-
dard. Analytical standard deviation is about
+0.07 %o PDB.

Radiocarbon dating (AMS 'C) using
mono-species samples (~10 mg) of plank-
tonic foraminifera Neogloboquadrina
pachyderma (either dextral or sinistral) from
fraction 125-250 ym were analysed at the
Leibniz Laboratory for Age Determinations
and Isotope Research at the University of
Kiel (Nadeau et al., 1997). The data were
corrected for C and the calibration to cal-
endar years was performed using Calib 4.3
program (Stuiver and Reimer, 1993) and the
marine data set of Stuiver et al. (1998) with

a reservoir age of 400 years. All ages are
given in 1000 calendar years before present
(kyr BP; Table 4-2). Ages greater 21 kyr BP
were calibrated using the method of Voelker
et al. (1998).

The collected fine fraction (<63 pm) of
cores GeoB 6718-2, GeoB 6725-1 and
GeoB 6727-2 was used to determine grain-
size distribution of the silt-sized fraction (2-
63um) and the sortable silt spectrum (10-63
um, McCave et al., 1995). For this, Micro-
meritics Sedigraph 5100 was used. It meas-
ures the concentration of the suspension by
the attenuation of an X-Ray beam. The wa-
ter of the samples was replaced by Sodium
polyphosphate (0.05 %) to avoid hindered
settling. The samples were homogenised on
a rotating carousel overnight (at least 15
hours) and sonified for 10 seconds before
analysis. The grain size analysis was per-
formed with a density setting of calcite (2.71
g/cm’) at a constant water temperature of
35°C and with an analysis range from 1 to
63.1 ym. In a second step, organic material
and CaCO; was removed on samples from
off-mound core GeoB 6718-2 using H,0O,
(35%) and and acetic acid (6%) to evaluate
the difference of bulk and carbonate-free
grain-size distribution.

Table 4-2. AMS "C dates of cores GeoB 6719-1 and GeoB 6725-1.

Core number  sample depth AMS "C age (x err.) calibrated age Remarks
(cm) (kyr BP) (kyr BP)
GeoB 6719-1 18 6.2 (0.035) 6.64 KIA 17091*
98 16.1 (0.07) 18.6 KIA 17092*
163 21.7 (0.11) 25.4 KIA 17093*
273 26.8 (0.18) 30.8 KIA 17094*
GeoB 6725-1 68 7.1 (0.045) 7.6 KIA 16206*
168 20.4 (0.14) 23.5 KIA 16206*

AMS '“C ages were corrected for a reservoir effect of 400 yr and calibrated using the Calib 4.3 software of
Stuiver and Reimer (1993). *KIA laboratory number, Leibniz Laboratory, University of Kiel, Germany.
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Those samples were measured with the
density setting of quartz (2.65 g/cm®). Cu-
mulative and mass frequency data output
were used to calculate mean silt and mean
sortable silt distribution, as well as size fre-
quency distribution. The data were con-
verted into weight percentages (wt.-%).

Another set of samples was ground in an
agate mortar after freeze-drying. About 10
mg was weighed into a tin cup for analysing
total carbon (TC) using Carlo Erba
NA-1500-CNS at GEOMAR, Kiel. Calibra-
tion standards for TC were Acetanilid
(N = 10.36 %, C = 71.09 %) and SOIL
Standard BSTD1 (N =0.216 %, C =3.5 %).

4.4 Stratigraphy

The
investigated cores is primarily based on
AMS "C ages and benthic stable oxygen

stratigraphic framework of the

isotopes. Additional evidence is derived
from calibrated Ca corescanner data
(Appendix 7), tracing glacial-interglacial
fluctuations of calcium carbonate. Core
GeoB 6719-1 is used here for stratigraphic
correlation to the other cores, as four AMS
"“C dates have been performed (Table 4-3).
All cores present a rather continuous record
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Standard deviation of continuously analysed
standards was better than 2 %. Carbonate
contents of sediments were finally calcu-
lated according to their atomic weight ratios:
CaCO; (%) = 8.33 * (Cpy — C,p)-

In addition to the discrete carbonate
analysis, high-resolution calcium determina-
tions were performed with CORTEX-XRF
scanner (Jansen et al., 1998) at University of
Bremen. The resulting data are element
intensities in counts per second (cps).
Correlation of calcium data and carbonate
content of the analysed sediment cores
presents a linear regression with R* = 0.77
(Appendix 7).

reaching back to Late MIS 3 (Fig. 4-2). The
correlation of the lower core section of
GeoB 6727-2 (>280 cm) and GeoB 6719-1
(>420 cm) remains questionable, as very
small numbers of benthic and planktonic
foraminifera in fraction >125 pym prevent
stable isotope and AMS "C analyses.
However, low carbonate content of <20 %
suggests comparable conditions as during
MIS 2 and/or dilution of sediment by a high
supply of terrigenous material.

Table 4-3. Sedimentation rates of investigated cores.

GeoB 6727-2 GeoB 6719-1 GeoB 6725-1 GeoB 6718-2
(cm/kyr) (cm/kyr) (cm/kyr) (cm/kyr)
Holocene 1.70 2.50 2.00 7.30
MIS 2 5.50 8.33 15.67 20.42
Late MIS 3 17.86 20.86 27.86 -
>

Increasing distance from Propeller Mound
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The records of GeoB 6727-2, GeoB
6719-1 and GeoB 6725-1 are marked by a
major horizon of reworked sediment (dark
grey area in Fig. 4-2). This event seems to
be slightly older than 31 kyr BP according
to an AMS "“C date in core GeoB 6719-1 at
273 cm (Fig. 4-2, Table 4-3). The thickness
of this horizon varies between 60 cm (GeoB
6725-1) and 130 cm (GeoB 6719-1). Due to
higher sedimentation rates in core GeoB
6718-2 the level of reworked sediments is
not reached. An additional tie point is
indicated by a characteristic double peak in
records of XRF Calcium counts (Fig. 4-2;
Appendix 7). This peak corresponds to an
age of around 25 kyr BP, related to Heinrich

event 2 (HE 2) and its European precursor
event (Grousset et al., 2000) at the stage
boundary of MIS 2 and 3. A significant
increase in the carbonate content close to the
core top indicates Termination Ia (12 kyr
BP) and Ib (10 kyr BP), the onset of the
Holocene (Martinson et al., 1987). The latter
CaCO; increase is coherent with a decrease
of benthic 8'°O values in cores GeoB 6718-2
and GeoB 6727-2. However, 8'*0 values of
core GeoB 6725-1 and GeoB 6719-1 remain
at high level most certainly due to
bioturbation. The resulting sedimentation
rate decreases from Late MIS 3 towards the
Holocene and increases with increasing
distance from Propeller Mound (Table 4-3).

Figure 4-2. Benthic stable oxygen isotope data and CaCO; content, as well as XRF Ca-counts
of sediment cores GeoB 6718-2, GeoB 6719-1, GeoB 6725-1, and GeoB 6727-2. The cores
follow the increasing distance from Propeller Mound (from left to right). Stratigraphy is
indicated to the right. Dashed lines indicate stratigraphic boundaries between marine isotope
stages 1, 2 and 3, based on calibrated scanner data (Appendix 7), rectangles = AMS "C dates,
open rectangle = bioturbated AMS "“C age, open circle = age determination from inter core
correlation (Appendix 7), light grey area = bioturbated sediments, dark grey = reworked
sediments (turbidite). Surface of turbidite seems to be slightly older than 31 kyr BP. Below
turbidite, no foraminifera were available for stable isotope measurements and AMS "“C

dating.
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4.5 Results

4.5.1 Sedimentology of sediment cores
around Propeller Mound

The sediments of the three investigated
cores GeoB 6718-2, GeoB 6725-1 and
GeoB 6727-2 are dominated by dark greyish
brown silty clay and olive grey to greyish
brown sandy silt (Fig. 4-3). Greyish brown
silty sands occur at the core tops represent-
ing Holocene sediments, and at the core
base of GeoB 6725-1 and within a section at
around 250 cm of core GeoB 6727-2
(Fig. 4-3). The latter two sections are com-
posed of reworked material with high
amounts of coarse lithic grains, drop stones,
deep-water coral fragments (mainly Lophe-
lia pertusa and Madrepora oculata), and
shells of molluscs, gastropods, bryozoans,
echinodermata, and brachiopods, compris-
ing the associated fauna of the deep-water
coral reef ecosystem. The carbonate content
of the reworked sediments is much higher
reaching 60 %, compared to the Holocene
sections (Fig. 4-2). Between 300-400 cm of
core GeoB 6725-1, high numbers of coral
fragments indicate a supply of sediments
from the nearby mound.

The sedimentary structure revealed from
CT images varies from sections dominated
by silty and clayey laminae, diffuse struc-
tures with no clear lineation, to heavily dis-
organised sediments. Indications of burrows
and bioturbation occur within the coarser
sediments of the Holocene, but are also pre-
sent in the glaciomarine sediments, espe-
cially between 50 and 80 cm of core GeoB
6725-1 (Fig. 4-3). Fining upward cycles de-
scribe the turbidite section of core GeoB
6727-2 and GeoB 6725-1.
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4.5.2 Sediment facies

From the visual examination of cores,
computed tomographic imaging, grain size
analysis, and calcium carbonate content, six
sediment facies types have been
distinguished in the studied cores (Fig. 4-4).
CT images allow identifying different
sediment structures and composition. Bright
(white) structures occur, when the density is
high (e.g. lithic grains, coral fragments),
whereas dark sections correspond to lower
densities (clayey to silty matrix, higher
porosity).

Facies 1: homogenous, structureless
hemipelagic sandy silt

Facies 1 appears on CT images as homo-
genous, bioturbated sediment (Fig. 4-4). It is
composed of olive grey to greyish brown
with
concentrations of foraminifera. The CaCO,
content is around 40 % (Fig. 4-2). Silt is the
dominating fraction of this sediment

sandy silt relatively high

(62 wt.-%), while clay and sand have an
similar contribution (22 wt.-% and
16 wt.-%). This facies is observed within the
late Holocene of core GeoB 6718-2 (top
~70 cm, Fig. 4-5) and is interpreted as hemi-
pelagic drape sediment, as this sediment has
been reported from different sites within the
PSB (Coles et al., 1996; Huvenne et al.,
2002; De Mol et al., 2002;).

Facies 2: diffuse structured silty sand

Facies 2 describes a diffuse structured silty
sand, consisting of strongly bioturbated,
hemipelagic silty sand (Fig. 4-4). The car-
bonate content varies between 35 % and
45 % (Fig. 4-2). Sand reaches maximum
content of 50 wt.-%, whereas clay is gener-
ally below 20 wt.-%. This facies describes
the top section of cores GeoB 6727-2 (top
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Figure 4-3. Lithology and sediment structure of cores GeoB 6727-2, GeoB 6725-1 and GeoB
6718-2 from visual core description, CT images, carbonate content and grain size analyses.
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15 cm) and GeoB 6725-1 (top 25 c¢m), and
early Holocene section of core GeoB 6718-2
(~70-85 cm, Fig. 4-5). It is interpreted as a
hemipelagic contourite sediment, which was
probably deposited under a stronger current
regime.

Facies 3: diffuse laminated to dis-
organised silty clay

Facies 3 consists of intervals with varying
thickness (10-120 cm) of diffuse laminated
to chaotic, disorganised silty clay (Fig. 4-4).
The carbonate content rarely exceeds 20 %
(Fig. 4-2). The clay content is generally
>40 wt.-%, while the sand content lies
below 20 wt.-%. Due to its diffuse and
disorganised structure, Facies 3 is
interpreted as a result from mass transport of

fine-grained sediments (slump, debris flow,

Chapter 4 — Sedimentary patterns

strong turbidity currents), whether from the
shelf or from the mounds. It describes most
of MIS 2 and Late MIS 3 (Fig. 4-5).

Facies 4: structureless silty clay

Facies 4 is a structureless silty clay
(Fig. 4-4), dominated by terrigenous
material (CaCO;, content <20 %, Fig. 4-2). It
consists of dark greyish brown clay (40 to
50 wt.-%) with low sand content of
<20 wt.-%. In some areas, this facies
contains black dots. In deeper environments
black coloured bandings occur usually due
to the presence of black hydrotroilite
(Nelson et al., 1992; Zaragosi et al., 2000)
and represent enhanced preservation of
organic material due to high sedimentation
rate and/or anoxic bottom water conditions
(Stow et al., 1996).

Figure 4-4. Sediment facies identified from CT images and visual core description. Within
Facies 3 and 4, sections with ice rafted gravel and debris have been identified, corresponding
to Heinrich layer 1 and 2 (HL 1 and 2). Scale to the left of CT images is in cm and

corresponds to the core depth.
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Facies 4 occurs during MIS 2 and Late
MIS 3 and represents the high deposition
rate under calm hydrodynamic condition.

Facies 5: laminated silt and clay

At the base of core GeoB 6718-2 and in
150 cm core depth (~14 kyr BP), CT images

(Fig. 4-4). The carbonate content below 20
% 1is similar to Facies 3 and 4. These
alternating silt and clay laminae have a
sharp contact at the base and gradually
change into Facies 4. Facies 5 sequences are
observed in core GeoB 6718-2 during MIS 2
and 3 and below the turbidite in core GeoB

clearly present laminated sediments 6727-2.
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Figure 4-5. Downcore record of identified sediment facies 1-6. The Holocene succession is
characterised by Facies 1 and 2. Facies 3 and 4 dominate MIS 2 and Late MIS 3. Alternating
silt and clay laminae only occur in core GeoB 6718-2 and below the turbidite (Facies 6) of

core GeoB 6727-2.
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The altering silt and clay laminae have also
been reported from the Celtic margin south
of the PSB and probably also indicate a fine-
grained turbidite facies being deposited by
low-density turbidity currents (Zaragosi et
al., 2000).

Facies 6: disorganised turbidite se-
quence

Facies 6 consists of disorganised, coarse-
grained sediments (sand content up to
50 wt.-%) with high amounts of coral
fragments and shells from bivalves,
gastropods and echinodermata, but also of
dropstones and coarse lithic grains (Fig. 4-3
and 4-4). The abundance of fragments and
pebbles decreases towards the top of the
turbidite, where the sediment gradually turns
into Facies 4. The carbonate content is 50 %
high at the base and decreases towards the
top of the turbidite section to reach similar
low values as in Facies 4 (Fig. 4-2). This
facies is interpreted as being deposited by
high-density turbidity currents and/or as
resulting from mass transport deposits
(slump or debris flow). Facies 6 is present in
cores GeoB 6727-2 and GeoB 6725-1
(Fig 4-5). Due to the stratigraphic
correlation to other sediment cores, the
turbidite is suggested to be slightly older
than 31 kyr BP and possibly comprises Ice
Rafted Detritus (IRD) of HE 3 (32.5 to
29.6 kyr BP) as reported from the Celtic
margin (Auffret et al., 2002).

Ice rafted detritus layer

Within Facies 3 and 4, CT images show
gravel sized drop stones at the transition
from MIS 2 to 3 (24-26 kyr BP, Fig. 4-3 to
4-5), which most certainly corresponds to
HE 2 and the European precursor event
(Grousset et al., 2000). High sand content is
coherent with the IRD layer of core GeoB
6718-2, but is absent in the other cores. At
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~170 cm of core GeoB 6718-2, another
horizon containing coarse lithic grains is
visible from CT images (Fig 4-4). Sand
content increases slightly from 10 to 20 wt.-
%. According to the stratigraphy, this IRD
layer may be related to HE 1, but does not
occur in the cores located closer to Propeller
Mound (Fig. 4-5).

4.5.3 Silt fraction analysis

Grain size analysis on fine sediment size
(<63 um) of carbonate-free samples has
been proposed to indicate paleocurrent
strength intensities (McCave et al., 1995).
Sortable silt describes the grain size range of
fraction 10-63 pum, which behaves
dominantly noncohesively, whereas grains
smaller than 10 pgm show a cohesive
behavior. Thus, silt coarser than 10 ym
displays size sorting in response to
hydrodynamic processes and its properties
are used to infer current speed.

On samples of core GeoB 6718-2 grain-
size analyses were performed on bulk and
carbonate-free samples of fraction <63 ym
(Fig. 4-6). The results indicate a similar
downcore record for both bulk and
lithogenic samples. Differences only occur
with respect to their intensity, especially of
fraction <10 uym and at the core top in
fraction 20-40 ym, which is the result of
dissolution of coccoliths and foraminiferal
test fragments. However, correlation of both
bulk and lithogenic mean sortable silt
records present a correlation coefficient of
R* = 0.87 and the records display similar
downcore variability (Fig. 4-6). This pattern
is also suggested for cores GeoB 6725-1 and
GeoB 6727-2, as they display comparable
sediments with similar carbonate contents
(Fig. 4-2 and 4-3). Therefore, all cores will
be discussed with respect to their bulk fine
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fraction distribution, representing sorting of
sediment dependent on changes of current
strength intensity.

Sedimentary processes may vary from
strongly erosive, transport dominated to
accumulative, and control the rate of sedi-
mentation. Hoppner and Henrich (1999)
characterised different sediment types, each
related to a different hydrodynamic setting.
Type I is characterised by relatively coarse
sediments and shows a unimodal distri-
bution within the silt range (Fig. 4-7).
Relatively strong currents remove fine-
grained material from the sediment surface
and leave behind this sorted, residual
sediment. Within the marine milieu, contour
currents often produce these sediments.

Type 1l portrays a polymodal distribution,
formed under strongly variable bottom
current velocities. Decreasing current
intensity reduces the ability of water to keep
larger particles in suspension, which results
into the accumulation of fine material (Type
III). Sediment Type III is here divided into
Type IIla and IIIb (Fig. 4-7). Both show
generally fine material of fine-silt spectrum
(2-10 pum) and describe accumulated
sediments, caused by weak -currents.
However, Type Illa has a stronger affinity to
slightly coarser sediments, indicating
transitional sediments between Type II and
Type IIIb. This sediment type is related to
in- or decreasing current activity (Fig. 4-7).

Figure 4-6. Comparison of bulk and lithogenic silt fraction analysis of core GeoB 6718-2. Silt
spectrum and mean sortable silt present good correlation with R* = 0.87. Changes in intensity
of silt spectrum are the result of removal of CaCO, (shell fragments of foraminifera and

coccoliths).
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Figure 4-7. Characterised sediment types of silt fraction analyses after Hoppner and Henrich
(1999) and their sedimentary record to the right. The phi-scale corresponds to the negative
logarithm to the base 2 of the grain size (in mm). Values in sedimentary record are in wt.-%.

The downcore record of the classified
sediment Types I to III is illustrated in
Figure 4-8. The base of the turbidite is
described by polymodal distributed silt
spectrum (Type 1I), fining upward to
accumulated sediments (Type IIIb). The
period of Late MIS 3 (31-24 kyr BP) is
dominated by accumulation of sediments
(Type Illa and b). An increase towards
coarser sediments (sorted and residual, Type
I and II) occurs at around 28-29 kyr BP

(GeoB 6727-2: 140-180 cm, GeoB 6725-1:
275-315 cm), indicating an increase of the
generally weak current regime (Fig. 4-8).
Accumulated sediments dominate MIS 2
implying a weak hydrodynamic regime. A
trend to finer sediments occurs at around
18 kyr BP in core GeoB 6718-2 (~220 cm)
and GeoB 6725-1 (~130 cm), illustrated by
a gradual change from sediment Type IIla to
IIIb. However, this feature is not visible in
core GeoB 6727-2 (Fig. 4-8).
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A slight increase from Type IIIb to Illa at
around 80 cm in core Geob 6725-1 defines
the transition to the bioturbated section. The
abrupt change from accumulated sediments
to polymodally distributed and residual
sediments at Termination la is clearly
visible in core GeoB 6718-2, indicating an
intensified current regime, which persists for
the whole Holocene period (Fig. 4-8).

The mean sortable silt record generally
follows the change between accumulated
and polymodally distributed to residual
sediments with an increasing or decreasing
signature between 16 and 25 ym (Fig. 4-8).
In all three cores the mean sortable silt
record displays similar variability:

4.6 Discussion

4.6.1 Irish ice sheet advance and shelf
erosion during Late MIS 3

Coarse-grained turbidites have been
suggested as being derived from an ice-
proximal glaciomarine environment and are
possibly associated with high discharges of
subglacial meltwater. They are reported
from the Hebrides Shelf (Knutz et al., 2001)
and from the Celtic margin (Zaragosi et al.,
2000; Auffret et al., 2002). Their presence
may thus indicate periods when glacial ice
was grounded on the shelf margins.

Before 30 kyr BP, Ireland was largely
ice-free and interstadial conditions prevailed
(Jones and Keen, 1993). Glaciers may have
existed in western Scotland and Northern
Ireland (Bowen, 1999) but were probably
grounded above the marine limit. However,
Knutz et al. (2001) reported variable
deposition of quartz-rich IRD between 45
and 30 kyr BP suggesting glaciomarine
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(1) an increase from the top of the turbidite
to maximum values of ~24 ym at
140-180 cm (GeoB 6727-2), and 275 to
305 cm (GeoB 6725-1), corresponding
to ~28-29 kyr BP,

(2) a decrease towards the stage boundary
MIS 2/3 (GeoB 6727-1, GeoB 6725-1),

(3) an increase to a maximum of 24-25 ym
at ~18 kyr BP (GeoB 6727-2: ~50 cm,
GeoB 6725-1: ~130 cm, GeoB 6718-2:
230 cm),

(4) a decrease towards the Younger
Dryas/Bglling-Allergd,

(5) and finally an increase towards the
Holocene, where the values remain at
one level (e.g. GeoB 6718-1: top
80 cm).

conditions were intermittently established
along the NW British margin. According to
McCabe (1987), Irish inland ice was rapidly
advancing after 30 "“C kyr BP (~33.5 kyr
BP), coherent with subartic, tundra-like,
open vegetation of the Derryvree cold phase
(30-35 "C kyr; Jones and Keen, 1993). A
sea-level decrease and worsened climatic
conditions are reported for the western
margin of Ireland during Late MIS 3
(Auffret et al., 2002).

The turbidite section in core GeoB
6725-1 and GeoB 6727-2 probably indicates
a first advance of the BIIS. High carbonate
contents (>50 %) of the reworked material
implies the deposition of interglacial
sediments, which is also suggested by high
abundance of benthic foraminifera
representing an interglacial assemblage
(Chapter 5). These sediments must have
been eroded from (a) the exposed shallow
shelves due to the low sea-level stand and a
first advance of the glaciers onto the shelf,
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or (b) from the nearby Propeller Mound.
The occurrence of coral fragments within
the turbidite section accounts for a sediment
source from the mound. However,
epibenthic foraminifera typical for the deep-
water coral ecosystem are scarce and the
assemblage is similar to species describing
the Holocene section of core GeoB 6725-1
(Chapter 3).

High abundance of IRD within the
turbidite may correspond to HE 3 (32.5 to
29.6 kyr BP). Isotopic analysis of the coarse
lithic fraction from the Celtic margin
indicates a presumably European origin of
HE 3 deposits along the western margin of
the British Isles (Auffret et al., 2002). The
general ice flow on Ireland accounts for
high terrigenous fluxes from Ireland, across
Galway Bay and into the PSB (Fig. 4-9,
Eyles and McCabe, 1989; Jones and Keen,
1993). Hence both IRD and reworked
interglacial sediments indicate that glaciers
had reached the western margin of the Irish
shelf at a time that correlates with HE 3.
Therefore, the turbidite represents a release
of eroded sediments (mass wasting) by a
first advance of glaciers onto the shelf.
However, the occurrence of coral fragments
in the turbidite layer suggests, that strong
turbidity currents also had an effect on the
elevated mounds with a removal of
sediments from them (Fig. 4-9). It seems,
that this turbidite facies is a result of mass
waste from both, the elevated mounds and
the Irish Mainland shelf.

The glaciomarine environment was
established after the first advance of the
Irish ice sheet onto the Irish shelf.
Sediments covering the period of Late
MIS 3 (~31-24 kyr BP) are described by
homogenous to laminated and disorganised
silty clays (Facies 3-5) indicating a weak
benthic current regime interrupted by phases
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of fine-grained debris flow or turbidity
currents (Fig. 4-5). The substantial high
sedimentation rate further indicates an
enormous sediment supply from the shelf
into the PSB. During this period, sea-level
was decreasing and the climatic conditions
worsened (Auffret et al., 2002), while the
BIIS propagated to its maximum extent
between 24 and 20 "“C kyr BP (McCabe,
1987). Additional information supporting
strong shelf erosional processes is indicated
by displaced benthic foraminiferal species
preferrably living in an estuarine and near-
glacial shelf environment (Chapter 3).

Towards the transition between MIS 3
and 2, the double peak in XRF Ca-records
(Fig. 4-2), as well as abundant IRD
(Fig. 4-4) indicate the deposition related to
HE 2 and its European precursor event
(Grousset et al., 2002; Richter et al., 2001).
The abundant IRD is related to the calving
of icebergs from Irish glaciers, which started
significantly at ~25 kyr BP (Siegert and
Dowdeswell, 2002; Auffret et al., 2002).
Richter et al. (2001) reported of increased
supply of detrital carbonates during HE 2
and MIS 2 at Feni Drift in the Rockall
Trough and argued that this site was
dominantly effected by British-Irish detrital
IRD input, eroded from the Carboniferous
limestone formations of Ireland. An
increased input of detrital carbonates of Irish
origin is assumed for the PSB, indicated by
peaks in the Ca counts (Fig. 4-3).

4.6.2 Redistribution of glacial sedi-
ments during MIS 2

After HE 2, the sediments around Propeller
Mound are dominated by disorganised silty
clays (Facies 3, Fig. 4-5) indicating
abundant gravity flows and turbidity
currents during early MIS 2. The sedi-



mentation rate decreased from 17 to
28 cm/kyr for Late MIS 3 to 5-20 cm/kyr
during MIS 2 (Table 4-3). According to
McCabe (1987), the maximum expansion of
the BIIS was reached between 24-20 "“C kyr
BP, coherent with the onset of iceberg
calving from British glaciers at ~25 kyr BP
(Fig. 4-9; Siegert and Dowdeswell, 2002).
The final position of the BIIS without any
indications of a further advance to the
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southwest resulted in an abrupt decrease of
sediments supplied into the PSB. Sea-level
was still decreasing to its maximum
lowstand of 120 m below present level at
~17-18 kyr BP (Labeyrie et al., 1987;
Fairbanks, 1989; Auffret et al., 2002), while
the Irish ice sheet margin retreated markedly
from 21-18 kyr BP (McCabe and Clark,
1998).

Figure 4-9. (a) Map of the Porcupine Seabight for the last glacial stage. Ice limits on Ireland
(grey lines on Ireland) and general ice flow across the Galway Bay (thin grey arrows) are
from Eyles and McCabe (1989) and Jones and Keen (1993). The general southward flow of
surface waters is indicated with black arrows (Sarnthein et al., 1995). Big grey arrows
correspond to sediment transport (shelf erosion, turbidity currents).

(b) Propeller Mound, viewed from the SE, with indicated core sites, flow path of turbidity
currents and gravity flows (grey arrows) and the erosion paths from the mound contributing
coral fragments to the off-mound sites. V.E. = 1:3.
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As a consequence, glacial material had
been exposed to erosion, documented in an
important phase of shelf sediment erosion
at the Celtic Margin (Auffret et al., 2002).
The sediment cores off Propeller Mound
show an increase in mean sortable silt to
approx. 18-19 kyr BP, which portrays the
increase in abundant turbidity currents
(Fig. 4-8). A change to fine-grained,
accumulated sediments (Facies 4, Type
IT1Ib) indicates a decline in sediment
erosion from the shelf and/or mound
(decreasing currents) at the sea-level
lowstand, when the glaciers on SW Ireland
were already above the marine limit (Eyles
and McCabe, 1989).

The period of deglaciation is expressed
in decreasing terrigenous fluxes along the
Celtic Margin (16.7-11 kyr BP; Auffret et
al., 2002), whereas Knutz et al. (2001)
reported of a readvance of the western
sector of British Ice Sheet further north
with renewed gravity flow sedimentation
and a clearly defined IRD horizon,
corresponding to HE 1 (16-17 kyr BP).
Only in core GeoB 6718-2 a layer with
IRD occurs at ~170 cm (Fig. 4-5),
indicating a release of terrigenous material
by icebergs, probably indicating HE 1
deposits. However, an advance of glaciers
onto the Irish shelf is not reported after 19
kyr BP (Eyles and McCabe, 1989). The
low abundance of E. excavatum supports
this indication by an absence of a near-
glacial environment along the Irish
Mainland shelf (Chapter 3) Therefore, the
IRD layer in core GeoB 6718-2 seems to
be a result of the southward transported of
IRD by icebergs, as indicated by N-S
trending iceberg plough marks on Slyne
Ridge (Fig. 4-9; Games, 2001).

Late MIS 2 deposition around Propeller
Mound is described by the renewed
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establishment of turbiditic supply (Facies 3
and 5; Fig. 4-5), indicating the reworking
of shelf sediments by the rising sea-level.
This sea-level rise started at ~18 kyr BP
and reached its highstand at ~6 kyr BP
(Clark et al., 1999; Siddall et al., 2003).
However, the shelf erosion during late MIS
2 was probably not as high as for Late MIS
3, as shallow shelf dwelling benthic
foraminifera have low abundance during
MIS 2 (Chapter 3).

4.6.3 Holocene and present-day sedi-
mentary setting around Propeller
Mound

During Termination I, a change from
glaciomarine to hemipelagic deposition is
indicated by an increase of the sediment
grain-size (Facies 3 (IIla) to Facies 2
(I-II), Fig. 4-5 and 4-8), an increase in the
carbonate content (Fig. 4-3), as well as a
change towards stronger currents,
expressed in an increase of the mean
sortable silt record (Fig. 4-8). The
oceanographic setting changed remarkably
with the establishment of the present-day
hydrodynamic regime. The Polar Front
moved northward across the PSB (Jones
and Keen, 1993) and inter-mediate water
masses with a southern source (ENAW,
MOW) entered the PSB. The decrease in
sedimentation rate from 5-20 cm/kyr
during MIS 2 to 1.7-7.3 cm/kyr for the
Holocene (Table 4-3), portrays the strong
current regime at intermediate depths
(White, subm.) with the deposition of
polymodally distributed to residual silty
sands (Facies 1 and 2; Fig. 4-5).

In core GeoB 6718-2, Facies 2 probably
indicates the reintroduction of ENAW and
MOW during the onset of MIS 1 (Fig 4-5).
The top 70 cm of this core is described by



Facies 1, which is composed of slightly
finer material. Masson et al. (2003)
described a similar sediment in areas of
depressions in the vicinity of the Darwin
Mound, NE Rockall Trough. With sea-
floor photographs they confirmed that this
sediment accumulates in areas where
bottom currents are weak and generally
lack bedforms typical in areas of strong
current activity. GeoB 6718-2 is situated in
a small basin further off the mound
(Fig. 4-9), where the sea-floor is also
characterised by heavily bioturbated sedi-
ments (Fig. 1-11a, Chapter 1). Towards the
foot of Propeller Mound, the Holocene
cover thins out and the sediments become
coarser (Fig. 4-3 to 4-5, 4-8). According to

4.7 Conclusion

Sea-level evolution and climatic conditions
have been the main controls on the
sedimentary system at the northern Porcu-
pine Seabight during the past ~31 kyr BP,
which are summarised in Table 4-4. A first
advance of the Irish Ice Sheet onto the Irish
Mainland shelf led to the deposition of thick
turbidite layer of reworked interglacial
sediments. This event also had an erosional
impact on the carbonate mounds, as
abundant coral fragments are embedded
within the turbidite layer. IRD probably
indicates the conjunction with HE 3.

Late MIS 3 and MIS 2 deposition is
essentially controlled by sea-level
fluctuations and the further advance of the
BIIS, inducing shelf erosion and releasing
turbidity currents and gravity flows. During
the terminations and the onset of the
Holocene the sedimentation had a
pronounced current induced signature,
indicating the introduction of the present-
day strong hydrodynamic regime at
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White (subm.), the carbonate mounds
themselves generate a rough topography
that induces localised strong currents.
Indeed, observations using the ROV
CHEROKEE during RV POSEIDON
cruise 292 indicated strongest currents
occurring at the foot of the mound, with
increased abundance of IRD boulders and
outcropping hardgrounds (Freiwald et al.,
2002). Therefore, the ~20 cm Holocene
cover of GeoB 6725-1 and GeoB 6727-2
indicates the influence of generally
stronger currents near the mound,
generating this contourite sand sheet. A
similar Holocene layer is described by
Masson et al. (2003) indicating maximum
velocities of >25-30 cm s™.

intermediate depths. The decreasing trend of
sedimentation rate towards the Propeller
Mound for the last glacial period and the
Holocene suggests that currents (turbidity
currents, gravity flows, bottom currents) had
a generally stronger impact on the sediment
accumulation at the mound base.
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Table 4-4. Summary of the Paleoenvironmental setting in the northern Porcupine Seabight.

Period

Holocene

Younger Dryas/
Bglling-Allergd

MIS 2

Late MIS 3

Age*

0-10

10-12

12-17

17-18
18-24

24-31

>31

“What do we see?”

Silty sands (Facies 1 and 2), low
sedimentation rate (1.7-7.3 cm/kyr)

Change from glaciomarine to
hemipelagic deposition, increase in
mean sortable silt, grain-size and
change from accumulated to current-
induced sedimentation

IRD deposit (GeoB 6718-2, HE 1?),
increasing turbidity currents

Quiet sedimentary pattern (Facies 4)
High sedimentation rate (5-20cm/kyr)
of abundant gravity flow and turbidity
current deposition (Facies 3)

very high sedimentation rates (17 to
28 cm/kyr) with abundant gravity flows
and turbidity currents (Facies 3 and 4),
establishment of glaciomarine environ-
ment

release of turbidite (Facies 6) with
eroded (interglacial) sediments and
abundant coral fragments

* in kyr BP; References within text.
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“Why do we see it?”

Present-day oceanographic setting with a
strong hydrodynamic regime

Polar Front moved across PSB,
introduction of ENAW and MOW with
strong hydrodynamic signature at
intermediate depths, sea-level increase

Increasing sea-level during deglaciation of
BIIS

Maximum sea-level lowstand (-120 m)
Decreasing sea-level, erosion of shelf
and/or mound sediments, retreat of Irish
Ice Sheet above marine limit

Further advance of Irish Ice Sheet to
maximum extent at ~25 kyr BP, coherent
with onset of iceberg calving and HE 2
deposition, decreasing sea-level, strong
shelf erosion

First advance of the Irish Ice Sheet onto
the shelf, turbidity currents remove
sediments from mounds
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CHAPTER 5
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Abstract

On- and off-mound sediment cores from Propeller Mound (Hovland Mound province, Porcu-
pine Seabight) were analysed to better understand the evolution of a carbonate mound. The
evaluation of benthic foraminiferal assemblages and sedimentary aspects from an off-mound
position helps to determine the changes of the environmental controls of Propeller Mound for
glacial and interglacial times. Their variability is related to changes in oceanographic condi-
tions, surface productivity, the waxing and waning of the British Irish Ice Sheet (BILS) and
variations of the sea-level during the past ~31 000 years. The multi-proxy data-set portrays
the boundary conditions of the habitable range for the cold-water coral Lophelia pertusa,
which dominates the deep-water reefal ecosystem on the upper flanks of Propeller Mound.
The growth of this ecosystem occurs during interglacial and interstadial periods, whereas a
retreat of corals is documented in the absence of glacial sediments in an on-mound core. Gla-
cial conditions with cold intermediate waters, a weak current regime and high sedimentation
rates portray an unfavourable environmental setting for Lophelia corals to grow. A Late
Pleistocene decrease is observed in the mound growth for Propeller Mound, which might face
its complete burial in the future as it already happened to the buried mounds of the Magellan
Mound province further north.
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5.1 Introduction

5.1.1 Regional setting

Carbonate mounds along the European con-
tinental margin have been the subject of in-
tense research during the past decade. In this
paper we want to discuss the environmental
setting of a carbonate mound in the Porcu-
pine Sea Bight (PSB), which has been inten-
sively sampled and studied during several
cruises within the period of 2000 to 2002
(Freiwald et al., 2000; Freiwald and Ship-
board Party, 2002; De Mol, 2002; De Mol et
al., 2002; Chapter 3 and 4). The object of

interest is the Propeller Mound, which is
part of a cluster of highly elevated mounds
(up to 150 m) in the Hovland Mound prov-
ince (Fig. 5-1).

North of this region, seismic surveys de-
tected a cluster of buried mounds — the Ma-
gellan Mound province (Huvenne et al.,
2002; De Mol, 2002), indicating sediment
transport from the surrounding shallower
shelf areas. The Belgica Mound province is
located at the eastern slope of the PSB to the

Figure 5-1. Location map of Propeller Mound with sediment core sites analysed within this
study. Star = on-mound core GeoB 6730-1, circle = off-mound core GeoB 6725-1. MMP =
Magellan Mound province, HMP = Hovland Mound province, BMP = Belgica Mound prov-

ince.
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SE of the Hovland and Magellan Mounds
(Fig. 5-1, Henriet et al., 1998; De Mol et al.,
2002).

Propeller Mound shows strongly current
induced features, such as its N-S elongation,
its steep flanks (>45°) and the moats around
the foot of the mound (De Mol, 2002; Frei-
wald, 2002). Underwater investigations us-
ing the ROV CHEROKEE of Bremen
university (Freiwald and Shipboard Party,
2002) clearly show the sediment distribution
on the mound. It is mainly covered by dead
coral debris in a sandy silty matrix. Recent
coral growth is restricted to the upper flank
of the mound (690-710 m water depth),
where a dense living coral ecosystem oc-
curs. However, close to the studied on-
mound core GeoB 6730-1 (Fig. 5-1) only
patches of corals have been observed. The
reefs on Propeller Mound are mainly built
up by cold-water corals Lophelia pertusa,
Madrepora oculata and to a minor degree
by Desmophyllum cristagalli (Freiwald,
2002).

5.1.2 Recent oceanographic setting

The recent mound growth is strongly con-
trolled by the present oceanographic setting,
which is described in detail by White
(subm.). A generally northward transport of
water masses west of Ireland is documented
at the surface and in mid water depths
(<1000 m). At 600—800 m, the depth of re-
cent coral growth in the Hovland Mound
province, a water mass boundary occurs
between the Eastern North Atlantic Water
(ENAW) and the Mediterranean Outflow
Water (MOW). A branch of ENAW and
MOW enters the PSB (Mohn, 2000) and
flows topographically steered cyclonically
around the slope within the PSB (Ellet et al.,
1986). At the northern end of the PSB,
where the Hovland and Magellan Mounds
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are situated, the currents are relatively
weaker (1-5 cm s™) and turn into a south-
ward flow (White, 2001). It has been sug-
gested that MOW does not penetrate to any
large degree further poleward in the Rockall
Trough north of Porcupine Bank (New et
al., 2001; McCartney and Mauritzen, 2001;
White, subm.). During RV POSEIDON
cruise POS265 in 2000, several CTD pro-
files overlying the Propeller Mound show an
increase in salinity below 600 m (De Mol,
2002). Due to a strong gradient in density at
this water mass interface, organic material
from the sea surface persists at this level to a
longer time. In addition, it is also trans-
ported laterally within the PSB by currents
generally flowing at around 5 cm s' with
maximum velocities up to 40 cm s (White,
2001; White, subm.). The corals benefit
from this enrichment of food particles. It is
obvious that water mass variations during
glacial-interglacial cycles, where major dif-
ferences of the oceanographic setting exist,
have a great impact on coral growth and
distribution.

5.1.3 Glacial oceanographic setting

The glacial oceanographical setting is not
well studied in the PSB. The North Atlantic
Polar Front was situated south during most
of last glacial stages (Jones and Keen,
1993). Surface water movement was re-
versed during glacials, flowing southward as
a coastal current west off Ireland (Fig. 5-2;
Sarnthein et al., 1995), leading to summer
Sea Surface Temperatures (SST) of 5°C for
the Last Glacial Maximum (LGM) and
winter SST of 0-1°C (Sarnthein et al., 1995;
Bowen et al., 2002). Glacial North Atlantic
Intermediate Water (GNAIW) occurs in
water depths down to 1700-2000 m
(Manighetti and McCave, 1995) and flows
from the north via the Wyville-Thomson
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Ridge and through the Rockall Trough to
the south. According to Duplessy et al.
(1988) and Oppo and Lehman (1993) the
term GNAIW is used for mid-depth waters
of uncertain origin. Its production occurs in
the Norwegian Sea at least during MIS 2 via
a mechanism strongly influenced by sea ice
formation (Veum et al., 1992), but the com-
position of GNAIW may have changed
during the glacial time with differing
sources. An influence of the very cold
GNAIW on the PSB is assumed. Schonfeld
and Zahn (2000) describe a main glacial

MOW flow up to 800 m deeper than today,
due to an increased density induced by a
much higher salinity. In addition, the glacial
flow pattern indicates no northward flow of
MOW along the European continental mar-
gin and therefore no boundary between the
glacial intermediate water mass and MOW
existed in the PSB.

A maximum land ice extend of the BIIS
probably reaching offshore W Ireland to the
present 200 m isobath is reported by Bowen
et al. (2002) for MIS 4 (Fig. 5-2).

Figure 5-2. General map of Ireland during glacial intervals. Indicated are ice limits (dark
blue) and general ice flow (black arrows) for MIS 2 (after Eyles and McCabe, 1989; Jones
and Keen, 1993), maximum land-ice extend (light blue) for MIS 4 (after Bowen et al,. 2002),
surface circulation (gray arrows) and melt water intrusion (MW) resulting in a week anticy-
clonic circulation around Rockall Bank for MIS 2 (after Sarnthein et al., 1995). N-S trending
iceberg ploughmarks are reported on Slyne Ridge (after Games, 2001). Sea-ice (light blue
dots) covered entire PSB during peak glacial winters (Sarnthein et al., 2003). Glacial
bathymetry corresponds to present-day water depth minus 120 m. Red dot marks the position

of Propeller Mound.
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During MIS 3 Ireland was covered with
treeless, tundra-like vegetation (Jones and
Keen, 1993). An advance of land ice oc-
curred around 30 ka BP, covering most of
Ireland (Knutz et al., 2001) synchronous
with a sea-level lowering of around 50 m
(Lambeck et al., 2002). The southward
flowing surface waters, land ice extension
and calving of icebergs from Irish mainland
as documented by ice berg plough marks on
Slyne Ridge (Games, 2001), as well as the
sea-level lowering suggest an enormous in-
crease in terrigenous sediment supply to the
PSB (e.g. Auffret et al., 2002).

5.2 Material and methods

Two sediment cores from the Propeller
Mound region, GeoB 6725-1 (off-mound
position 52°09.52°N, 12°46.01’W; water
depth 820 m) and GeoB 6730-1 (on-mound
position 52°08.86°’N, 12°46.28’W; water
depth 704 m; see Fig. 5-1) were investi-
gated. Both cores were sampled every 5 cm
using 10 ml syringes. Each sample was
weighed, carefully washed over 63 um
sieves, dried at 50°C and weighed again.
Thereafter all samples were dry sieved into
fractions 63-125 pm, 125-250 yum,
250-500 pm, 500-1000 pgm and >1000 pm.
Fractions >125 ym were used for faunal
analysis (Chapter 3). A taxonomic list of
benthic foraminiferal species discussed in
this study is given in Appendix 1. Species
diversity is expressed in numbers of species
corrected to an equal size of 100 specimens
(Lutze, 1980; see Appendix 2).

For the analysis of organic carbon (TOC)
and total carbon (TC) the samples were
measured using a Carlo Erba NA-1500-CNS
analyser at GEOMAR, Kiel. Organic carbon
is determined after removing carbonate car-
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5.1.4 Aim of study

The objective of this study is the recon-
struction of the environmental setting of
Propeller Mound for glacial and interglacial
period, which will be discussed with respect
to the environmental control on the Late
Pleistocene development of Propeller
Mound. Therefore we have produced stable
oxygen isotope data, AMS "“C and U/Th
datings, total and organic carbon measure-
ments, and use the evaluation of benthic fo-
raminiferal assemblages, as well as the
sedimentary results from an off- (core GeoB
6725-1) and an on-mound (core GeoB
6730-1) location (Chapter 3 and 4).

bon by acidification with 0.0IN hydrochlo-
ric acid. Inorganic carbon was derived from
the difference between total and organic
carbon. Percent carbonate was calculated
according to their atomic weight ratios as
CaCO; (%) =8.33 « (TC - TOC).

Stable oxygen isotopes (8'°0) were
measured on 3-5 specimens of either the
benthic foraminifera Cibicidoides kullen-
bergi or Cibicidoides wuellerstorfi (fraction
250-500 pm) for both investigated cores.
Additionally, 15 specimens per sample of
planktic foraminifera Globigerina bulloides
(fraction 250-315 um) have been analysed
for their §'*0O composition for the top
120 cm of the off-mound core GeoB 6725-1.
The isotopic composition of the samples
was carried out with a Finnigan MAT 251
mass spectrometer at the Isotope Lab Bre-
men University. A working standard (Burg-
brohl CO, gas) was applied, which has been
calibrated against PDB by using the NBS
18, 19 and 20 standards. All 'O data given
here are relative to the PDB standard. Ana-
lytical standard deviation is about +0.07 %o.
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Age estimations in both cores are based
on AMS "C datings using mono-species
samples of planktic foraminifera species
Neogloboquadrina pachyderma (either dex-
tral or sinistral) from the fraction 125 to
250 ym. Approximately 10 mg of fora-
miniferal carbonate were analysed at the
Leibniz Laboratory for Age Determinations
and Isotope Research at the University of
Kiel (Nadeau et al., 1997). After the correc-
tion for 8"°C, the "*C ages were calibrated to
the calendar year scale by the Calib 4.3 pro-
gram (Stuiver and Reimer, 1993) using the
marine data set of Stuiver et al. (1998) and a
reservoir age of 400 years. Ages greater than
21 kyr BP were corrected using the method
of Voelker et al. (1998) (see Tables in
Chapter 3, 4 and Appendix 7).

In several depth intervals of core GeoB
6730-1 some coral fragments of L. pertusa
were used to determine additional absolute
ages using the U/Th ratio of the aragonite
skeleton (see Tables in Chapter 3, 4 and
Appendix 7). All samples were first ultra-
sonically cleaned and scrubbed with dental
tools to remove exterior contaminants (iron-

5.3 Results

5.3.1 Stratigraphy
Off-mound

Benthic and planktonic oxygen isotope data
and carbon measurements of core GeoB
6725-1 are illustrated in Figure 5-3a. The
base of the core is disturbed by turbidites
indicated by two sequences of upward fining
sediments. Above this sequence the benthic
8"°0 record shows low variability with val-
ues around 3.5 %o PDB. Planktic 8'*O meas-
urements within the top 120 cm present
higher variability with values ranging be-
tween 0.7 and 3.3 %o PDB. Lower 8"°O val-
ues of G. bulloides are synchronous with
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manganese crusts and coatings) from the
fossil coral fragments as described in Cheng
et al. (2000a). When the coral looked clean
under the binocular, each sample was bathed
in 50/50 mixture of 30 % peroxide and 1M
NaOH for 15 minutes with ultrasonification
to remove organic stains left on the coral.
This step already removed up to 50 % of the
inner and outer coral skeleton. Therefore,
the last step of the cleaning procedure de-
scribed by Cheng et al. (2000a), where the
samples were submerged in a 50/50 mixture
of 30 % peroxide and 1 % HCIO, was
omitted, otherwise no material would have
been left. Before the measurements using a
Finnigan MAT 262 RPQ2+ Thermal Ioni-
sation Mass Spectrometer (TIMS) at
GEOMAR Kiel, all samples were checked
for the cleanness of the aragonite. Therefore
a little part of the samples was cut off before
and after the chemical and physical cleaning
and was analysed using X-ray diffraction
(XRD), to evaluate the chemical composi-
tion primarily of the aragonite skeleton after
the whole procedure (100 % aragonite in all
samples).

higher carbonate content of 35 weight per-
cent (wt.-%) of the foraminifera bearing
silty sand, whereas persistently low values
of carbonate (20 wt.-%) were found in fine-
grained, terrigenous sediments. The mean
carbonate content of the off-mound core is
22.5 wt.-%. Organic carbon contents
(0.2-0.4 wt.-%) are low throughout the core,
again with the highest values recorded at the
core top.

These data suggest a distribution into the
youngest three marine isotope stages. Inter-



core correlation of different off-mound
cores (GeoB 6718-2, 6719-1, GeoB 6727-2;
Chapter 4; Appendix 7) indicate, that (1) a
stratigraphic tie point, indicated by a char-
acteristic double peak in the carbonate re-
cord, is probably related to Heinrich event 2
(HE 2) and its European precursor event,
both dated to 23.7-25.6 cal kyr BP (Bond
and Lotti, 1995; Grousset et al., 2000;
Bowen et al., 2002), and (2) that the turbid-
ite sequence below 404 cm seems to be
slightly older than 31 kyr BP. The sedimen-
tation rate decreases from ~28 cm/kyr for
the late MIS 3 to 15 cm/kyr for MIS 2,
comparable to other near-shelf studies (e.g.
Rasmussen et al., 2002b; Auffret et al.,
2002; De Mol et al., 2002). The Holocene
layer (top 23 cm) is indicated by lower 8'°O
values of G. bulloides, which results in a
sedimentation rate of 2.3 cm/kyr assuming
the core top reflects the present-day surface
sediment. An additional AMS "C date at
68 cm represents an age of 7.65 kyr BP, in-
dicating an interval of heavily bioturbated

sediments.
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On-mound

Figure 5-3b presents benthic oxygen isotope
data and carbon measurements of on-mound
core GeoB 6730-1. The 80 record is
highly variable compared to the off-mound
core, showing values between 1.4 and
3.4 %o PDB. In general, the carbonate con-
tent follows the 8"°O record with higher val-
ues during sections with low 8'°O values
and vice versa. The carbonate content is
more than twice as high as in the off-mound
core (24-70 wt.-%, mean = 50 wt.-%),
whereas organic carbon is generally less
abundant with values ranging between 0.1
and 0.4 wt.-%.

The low benthic 8O values within the
top 60 cm of the on-mound core GeoB
6730-1 as well as an AMS "“C date of
4.5 kyr BP at 23 cm correspond to the Holo-
cene interval (Fig. 5-3b). Below the Holo-
cene cover, the stable isotope record and
several U/Th dates on coral fragments of L.
pertusa indicate that the on-mound core is
marked by numerous hiatuses with almost

CaCO3
(wt.-%)

Corg
(Wt.-%)
02 04 MIS

(%o vs. PDB)
3 . 2

30 50 70

-- 4.5 kyr BP*

:.-93 kyr BP°

100 1 ~-42.7 kyr BP*

-- 124 kyr BP°

-1- 3 1-- 176 kyr BP°

2001 -2 -~ >45 kyr BP*

depth (cm)

-- 176 kyr BP°

300

-- 207 kyr BP°®

hiatus

Figure 5-3. Established stratigraphy and carbon measurements of (a) off-mound core GeoB
6725-1 from benthic and planktonic oxygen isotope data, *AMS "“C dates, and °inter-core
correlation (Chapter 4, Appendix 7) and of (b) on-mound core GeoB 6730-1 from benthic
oxygen isotope data, *AMS "C and °U/Th dates. Differences between U/Th and “C dates

may be the result of bioturbation.
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no fully interglacial sediments (expected
8'°0 values of around 1.5 %o PDB), nor gla-
cial sediments (expected 8'°O values of
>3.5 %0 PDB) being preserved. Most likely
erosional processes on elevated mound areas
with removal of nearly all glacial and inter-
glacial sediments during phases of enhanced
current intensity may have caused the hia-
tuses (Appendix 8). Therefore core GeoB
6730-1 can only be divided into a Holocene
cover and older sediments below.

5.3.2 Off-mound environmental setting

Benthic foraminiferal assemblages and the
sediment distribution in off-mound samples
of core GeoB 6725-1 clearly portray the en-
vironmental setting of glacial (Late MIS 3
and MIS 2) and interglacial (Holocene)
times.

Glacial (Late MIS 3 and MIS 2) setting

The glacial sediments consist of fine-
grained, terrigenous mud with carbonate
contents rarely exceeding 20 %. The sedi-
ment structure indicates abundant gravity
flows or turbidity currents with a high sedi-
ment supply from the shallow shelves,
leading to high sedimentation rates of up to
28 cm/kyr. The accumulation of this re-
worked material is controlled by sea-level
fluctuations and the first advance of the Irish
Ice Sheet onto the Irish Mainland shelf
slightly before 31 kyr BP (Chapter 4).

Elphidium excavatum is highly abundant
in the lower core section of off-mound core
GeoB 6725-1 right after the turbidite
(<31 kyr BP), where it exceeds 50 % of total
abundance (Fig. 5-4). This species is re-
ported to live in shallow shelf areas gener-
ally above 200 m (Seidenkrantz et al., 2000)
and is associated with near glacial environ-
ments in areas with heaviest ice cover
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(Nagy, 1965; Hald et al., 1994; Steinsund
and Hald, 1994). High numbers of E. exca-
vatum and a very high sedimentation rate of
~28 cm/kyr indicates that this species was
displaced by erosional processes from shal-
low shelf areas shortly after the first ad-
vance of the Irish Ice Sheet (Chapter 4).
Therefore, it forms not a part of the fossil
community (Struck, 1992) and is not con-
sidered in the calculation of the relative
abundance of the Glacial and Interglacial
group.

Shelf erosional processes continued be-
tween 31 and 24 kyr BP, simultaneously
with a sea-level lowering of around 50 m
(Lambeck et al., 2002) and the extension of
the BIIS. The occurrence of coral fragments
in off-mound core GeoB 6725-1 during late
MIS 3 (red stars in Fig. 5-4) also suggests
that turbidity currents and gravity flows had
a great impact on the elevated mound, con-
tributing sediments to the off-mound loca-
tion. Towards MIS 2 shelf erosion de-
creases, expressed in decreasing numbers of
E. excavatum (increasing abundance of the
Glacial group) but probably still persisted to
a less amount during MIS 2 (Fig. 5-4).

Several foraminiferal species dominate
the benthic fauna within the terrigenous
muds comprising Late MIS 3 and MIS 2.
Cassidulina teretis, Globocassidulina sub-
globosa, Cassidulina reniforme, Cibicidoi-
des kullenbergi and subdominant species
Cassidulina obtusa and Sigmoilopsis woodi
describe the Glacial group. The relative
abundance of this assemblage increases
continuously from ~40 % during late MIS 3
to values >80 % during MIS 2 (Fig. 5-4)
with C. teretis being the most abundant spe-
cies. These continental slope species thrives
in cold bottom waters (—1°C; Mackensen
and Hald, 1988) and are associated with nu-
trient-poor bottom water conditions and



slow benthic current speeds (Chapter 4).
Thus, the Glacial group is related to indicate
polar conditions (Korsun and Hald, 2000)
with the occurrence of the cold and nutrient-
poor GNAIW, which is described as the
prominent water mass present in the glacial
North Atlantic down to 1700-2000 m
(Manighetti and McCave, 1995). Its compo-
sition may have changed through the glacial
time due to different sources, but a contri-
bution of MOW can be excluded as its gla-
cial flow pattern predominantly occurred
towards the west (Schonfeld and Zahn,
2000).

The glacial environment in the northern
PSB was controlled by a homogenous wa-
termass with water temperatures below 2°C
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and a low nutrient availability at intermedi-
ate depths. A weak hydrodynamic regime
and strong shelf-erosional processes led to a
very high sediment accumulation. The tem-
perature range, where L. pertusa is reported
to live along the European continental mar-
gin, is given by Freiwald (2002) with 4 to
12.5°C. The lower temperature limit corre-
sponds to the occurrence of reefs offshore
Norway. Minimum temperatures of L. per-
tusa within the PSB show slightly higher
values of 7.5°C. As low glacial temperatures
and high sediment supply prevailed at in-
termediate depths, it is evident that the gla-
cial oceanographic setting in the PSB is
below the habitable limits of L. pertusa.

Figure 5-4. Relative abundance of the Interglacial group (U. mediterranea, T. angulosa,
M. barleeanum, H. balthica, B. robusta, B. marginata, C. laevigata, U. peregrina), the Gla-
cial group in black (C. teretis (in white), G. subglobosa, C. reniforme, C. kullenbergi, C. ob-
tusa, S. woodi) and the dominance of E. excavatum for late MIS 3 of core GeoB 6725-1.
Epibenthic (black) and attached epibenthic species (gray) are according to Murray (1991) and
Schonfeld (1997; 2002a). Red stars mark intervals with occurrence of coral fragments and
other shell fragments, triangles show upward fining sediment, *AMS '“C dates, °inter-core
corellation (Chapter 4, Appendix 7). Note: Relative abundance of Interglacial group, Glacial
group and C. teretis are calculated without consideration of E. excavatum to the total assem-

blage.
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Interglacial (Holocene) setting

The Holocene interval is described by a
coarse-grained, carbonate-rich, contourite
sediment, which reflects the strong hydro-
dynamic regime at the foot of Propeller
Mound (Chapter 4).

Within this sediment analysis on benthic
foraminifera revealed an assemblage, domi-
infaunal

nated by species:

mediterranea, Trifarina angulosa, Melonis

Uvigerina

barleeanum, Hyalinea balthica, Bulimina
marginata, Uvigerina peregrina and Cas-
sidulina laevigata. This assemblages is de-
scribed as the Interglacial group, and
presents a maximum relative abundance of
68 % during the past 10 kyr, but rarely ex-
ceeds 20 % during the glacial period
(Fig. 5-4). In the bioturbated interval the
Holocene group presents a comparable be-
haviour as the 80 record of G. bulloides,
determining the existence of this heavily
bioturbated section.

The interglacial benthic foraminiferal as-
semblage strongly reflects the present-day
environmental conditions and oceano-
graphic setting. They indicate a great affin-
ity to a high and continuous flux of organic
material to the sea floor (e.g. Loubere, 1991;

5.4 Discussion

5.4.1 Which setting is locked in sedi-
ments from Propeller Mound?

The age model of on-mound core GeoB
6730-1 is insufficient to resolve glacial, in-
terglacial or interstadial periods (Fig. 5-3b).
Below the Holocene layer (top ~60 cm) sev-
eral hiatuses were identified, which indicate
a sediment removal off the mound (Appen-
dix 8). Therefore, we use the off-mound
benthic foraminiferal assemblages describ-
ing interglacial and glacial conditions and
grouped the relative abundance of the same
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Mackensen et al., 1993; Schonfeld and
Zahn, 2000) and show an association with
lower oxygen concentrations in the sediment
pore water (Kaiho, 1994; Bruchert et al.,
2000; Seidenkrantz et al., 2000). A gener-
ally higher amount of organic material in
sediments may be related to higher surface
productivity during the Holocene interval,
but a correlation between organic carbon
content (TOC) in the sediment with species
of the Holocene group does not exist
(Fig. 5-3a and 5-4). The mixing of ENAW
and MOW controls the present-day ocean-
ography in 600 to 800 m water depth, with
the MOW being characterised by lower
oxygen and higher salinity concentrations.
The endobenthic species of the Interglacial
group probably indicate this mixing process
and the influence of MOW in the northern
PSB during the Holocene.

This environment with a higher surface
productivity, a water mass boundary and
therefore higher nutrient availability in the
depth of recent coral growth, as well as
strong current intensities, appears to be the
controlling factor not only for the cold-water
coral ecosystem, but also for the high abun-
dance of the Interglacial group.

species in on-mound samples to become an
idea of their distribution and variability
(Fig. 5-5).

Species of the Interglacial group are less
abundant in on-mound Holocene sediments
than in core GeoB 6725-1 with mean values
of around 45 % (Fig. 5-5). Maximum abun-
dance (>40 %) of this group occurs within
the top 118 cm and the section 323-358 cm
at the core base, but its abundance generally



describes >20 % throughout the entire core.
The Glacial group is generally less abun-
dant in the on-mound compared to the off-
mound setting (Fig. 5-5). During the Holo-
cene this group presents a similar relative
abundance as in the off-mound core with
values between 10-20%. However, it ex-
ceeds 20 % only within four sections be-
tween 120-320 cm, with a maximum of
43 % at 183 cm (Fig. 5-5). Only these four
sections show higher contributions of the
Glacial group.

As species of the Interglacial group rep-
resent a high and more continuous flux of
organic material to the sea-floor within
lower oxygen concentrated waters (see
above), most of the sediments of the on-
mound core can be related to indicate
warmer periods (interglacials or at least in-
terstadials). This is supported by the low
abundance of the Glacial group, which does
not describe comparable polar conditions as
in core GeoB 6725-1, where ~80 % portray
fully glacial conditions (Fig. 5-4). Addition-
ally, the range of the benthic oxygen isotope
record (2-3.2 %o), as well as U/Th dates,
indicating only interglacial and interstadial
ages, confirms the conclusion that only in-
terglacial/-stadial sediments are preserved in
the on-mound record below the Holocene
layer (see also Appendix 8). However, nei-
ther the Glacial group nor the Interglacial
group have a comparable high relative
abundance as documented in core GeoB
6725-1, which suggests, that an additional
group contributes the assemblage on Pro-
peller Mound.

5.4.2 The Mound group

The faunal diversity of the on-mound ben-
thic foraminifera is much higher compared
to core GeoB 6725-1, indicating that the
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coral ecosystem offers a habitable life for
much more different species with both an
infaunal and epifaunal lifestyle. Several spe-
cies have been described in on-mound sam-
ples, which do not occur in the off-mound
core or only show accessory contribution
(<1 %) to the total assemblage (Chapter 3).
These species (Discanomalina coronata,
Gavelinopsis translucens, Planulina
ariminensis, Cibicides lobatulus, Trifarina
bradyi and minor species (<5 %) Cicicides
refulgens and Hyrrokkin sarcophaga) are
also common elsewhere in the NE Atlantic,
but as they are not recorded in off-mound
samples, they are considered as another as-
semblage, referred to as Mound group. The
record of this Mound group varies between
2 and 38 % of the total assemblage showing
maximum values downcore between
278-323 cm. It is dominated by epibenthic
and attached epibenthic species (Fig. 5-5).

Schonfeld (2002b) describes a similar
group in the Gulf of Cadiz, where he found
coherence between this elevated epibenthos
and the current intensity of the upper MOW
flow. As a similar group of species is de-
scribed here, the path flow MOW with a
higher current intensity seem to be one con-
trolling factor for the species of the Mound
group. However, as the Mound group is de-
scribed by attached epibenthic species, they
additionally indicate a higher availability of
elevated substrates to settle. The deep-water
coral ecosystem provides high amounts of
elevated substrates. Therefore, high abun-
dances of the Mound group are related to
portray the occurrence of a dense coral eco-
system on Propeller Mound.

During the Holocene the Mound group
only contributes 13 % to the total assem-
blage, which is related to the restricted cov-
erage of corals on the upper flanks of the
mound. In an earlier period of the Late
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Figure 5-5. Relative abundance of the off-mound-identified Interglacial group and Glacial
group transferred to on-mound core GeoB 6730-1, as well as the Mound group and epiben-
thos group. Higher abundance of each assemblage describes the different sections illustrated
to the right. Epibenthic (black) and attached epibenthic species (gray) are according to Murray
(1991) and Schonfeld (1997; 2002a). Dominant and subdominant species of the the Mound
group are D. coronata, G. translucens, C. lobatulus, H. sarcophaga, P. ariminensis, C. reful-

gens, T. bradyi.

Pleistocene corresponding to the depth in-
terval 278-323 cm (probably MIS 7; Fig.
5-5), Propeller Mound seemed to have had
a much higher coral density than at present
covering the entire top of the mound. This
environment was favourable for species of
the Mound group to settle and to live. The
decreasing trend of this assemblage to-
wards the Holocene is related to a decline
in coral cover. First estimations of the car-
bonate budget in on-mound sediments
show a similar feature with higher coral
carbonate accumulation ~176 kyr BP.

Thus, the Late Pleistocene development
of Propeller Mound displays a declining
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stage with a general decrease in coral
growth. If this situation persists into the
future, the sediment supply from the sur-
rounding shallow shelf areas will bury
Propeller Mound, as has already occurred
in the Magellan Mound province further
north (Fig. 5-6).

5.4.3 The environmental control on
the Late Pleistocene develop-
ment of Propeller Mound

The results obtained for Propeller Mound
and the closer vicinity clearly reflects the
important environmental control responsi-
ble for the growth and retreat of corals,



which are steered by oceanographic and
climatic factors (Freiwald, 1998; 2002;
White et al., subm.; White, subm.). Under
fully glacial conditions the environmental
setting was beyond the habitable range of
Lophelia corals with temperatures below
2-4°C, low current intensities supporting
high sediment accumulation, and a ho-
mogenous intermediate water mass, which
does not support nutrient enrichment in the
depth of the carbonate mounds. Up to now
for no coral from the Celtic Margin an age
representing the Last Glacial Maximum
has been obtained, indicating that no coral
lived in this region. Thus, there also had
been no skeletal framework to stabilise the
fine-grained sediments deposited under
such conditions.

During terminations, when the sea-level
rose and the glaciers retreated from Ire-
land, ENAW and MOW regains its present
characteristics. Enhanced currents removed
the unstabilised sediments from the
mound, which is expressed in several hia-
tuses covering glacial periods of core
GeoB 6730-1. De Mol et al. (2002) and
Freiwald (2002) discussed the possibility
of coral larvae entering the PSB with the
inflow of the MOW during the termina-
tions, as Lophelia is highly abundant
within the Mediterranean during the gla-
cials but presently nearly absent (Delibrias
and Taviani, 1985). With an oceanographic
regime comparable to the present-day set-

5.5 Conclusions

Two different benthic foraminiferal as-
semblages of off-mound core GeoB 6725-1
(Interglacial group, Glacial group) indi-
cate the environmental setting of the north-
ern PSB during the past 31 kyr BP. These
climatic and oceanographic changes are
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ting the corals were able to (re-)colonise
the elevated structure and the mound pro-
ceeded to grow.

The glacial-interglacial cycle with
changing environmental conditions seems
to be one mechanism driving the develop-
ment of the carbonate mounds along the
Celtic Margin. Interglacial/-stadial growth,
glacial retreat and resettlement of corals
during terminations with removal of glacial
sediments are combined in a model de-
scribing the Mound Factory (Fig. 5-6).
This model accounts for the time, when the
N Atlantic experienced the Northern Hemi-
sphere Glaciation, which started between
3.1 and 2.5 Million years BP (Shackleton
et al., 1995; Haug et al., 2001). It is still
under debate, which trigger was responsi-
ble for the initial mound development. The
base of the Hovland-Magellan mounds is
situated on an erosional surface, which is
expected to be of Early Pliocene age (Hu-
venne et al., 2003). The colonisation of
coral larvae may have occurred on authi-
genic carbonates, probably related to fluid
migration or gas seepage, on boulders re-
leased by rafted icebergs, or microbacterial
produced carbonate crusts (e.g. Hovland et
al., 1994; Henriet et al., 1998; Freiwald,
2002). However, only a deep drilling cam-
paign through the base of such carbonate
mounds will shed some light into the de-
bate about the onset and the trigger of
mound development.

important for the PSB and the distribution
of cold-water corals on top of the mounds.
The high abundances of infaunal species
during the Holocene describe the present-
day situation with strong bottom currents
and a high supply of organic material to
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Figure 5-6. Model of the Mound Factory responsible for mound growth during interglacial-
glacial cycles of the Pleistocene, revealed from reconstructions of the environmental setting
locked in sediments on and off Propeller Mound. The Mound Factory follows the cycle of
interglacial/-stadial mound growth, glacial retreat of corals and stagnation of mound growth,
and the resettlement of corals during terminations with the introduction of the present-day
oceanographic regime. Within the boxes, key factors of the environmental control are indi-
cated (+ high/strong; — low/weak). Below, the present-day situation of Propeller Mound is
indicated with the proposed future development.
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the sea floor. During the Last Glacial
Maximum high abundance of cassidulinid
species is related to cold bottom water mass
and a reduced productivity. The Late MIS 3
documents a turbidite sequence induced by a
first advance of the Irish Ice Sheet. Increas-
ing sedimentation and the occurrence of
E. excavatum shows strong sediment erosion
from surrounding shallow shelf areas.

A dominance of the Interglacial group is
recorded throughout the entire on-mound
core GeoB 6730-1, interrupted only by four
sections with slightly higher abundance of
the Glacial group. In comparison with the
stable oxygen isotope record and U/Th
dates, the data imply that only interglacial/-
stadial sediments remained on-mound and
fully glacial sediments have been removed.
A third assemblage with species mostly de-
scribed in on-mound samples characterises
the coral density on Propeller Mound. Pre-
sent-day coral growth is mainly restricted to
the upper flank of Propeller Mound, also
evident from low abundance of the Mound
group during the Holocene. In an earlier pe-
riod this group shows higher abundances,
representing a time, when the mound had a
denser coral cover. Furthermore, the Mound
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group indicates a decline of Propeller
Mound, which might end in a future burial.

Finally, the model Mound Factory de-
scribes the external, environmental control
on mound development during the (Late)
Pleistocene period with changing oceano-
graphic and climatic conditions, which
monitor the controlling mechanisms (nutri-
ents, temperature, water mass characteristic
and sedimentation rates).
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CHAPTER 6
CONCLUSIONS AND PERSPECTIVES

This study provides the first detailed analy-
ses of benthic foraminiferal assemblages,
sedimentary structures and distribution in
sediment cores located on and close to a
carbonate mound in the Hovland Mound
province (Porcupine Seabight, NE Atlantic).
These datasets reveal insights in the paleo-
climatic and paleoceanographic conditions
of the near-shelf environment west off Ire-
land for the past ~31 kyr. The comparison
between off- and on-mound sediments
helped to reconstruct the Late Quaternary
history of Propeller Mound. The analysis
showed the mainly external control on
mound development for this period.

Off-mound development

Faunal analysis of dead benthic foraminifera
from an off-mound position of Propeller
Mound identified two different assemblages,
an Interglacial and a Glacial group. They
clearly reflect the oceanographic and envi-
ronmental changes over the past ~31 kyr.

The investigated sequence starts with a
turbidite, which indicates mass transport of
sediments from the shelf and the carbonate
mound. It is slightly older than 31 kyr BP
and suggests a first advance of the Irish Ice
Sheet onto the Irish Mainland shelf. Strong
shelf erosional processes occurred during
the Late Marine Isotope Stage (MIS) 3, as
deduced from high abundances of a dis-
placed species (Elphidium excavatum),
which usually occur in shallow marine,
near-glacial environments. Between 31 and
24 kyr BP abundant gravity flows and tur-

bidity currents, as suggested by disorgan-
ised, fine-grained sediments, determines a
high sediment supply into the basin, which
is coherent with a decreasing sea-level of
~50 m and the further advance of glaciers.

Species of the Glacial group (C. teretis,
C. kullenbergi, G. subglobosa, C. reniforme,
C. obtusa and S. wood) occur in high
abundances during Late MIS 3 and MIS 2.
Their occurrence suggests an influence of a
very cold intermediate water mass, as well
as low nutrient availability. Sedimentation
rates slightly decreased during MIS 2, even
though turbidity currents and gravity flows
prevailed the depositional regime.

A shift from the glaciomarine to the
Holocene setting (12-10 kyr BP) is
indicated by coarse-grained, carbonate-rich
sediments and benthic foraminiferal species
of the uppermost sediment layer draping the
off-mound sea-floor. The Interglacial group
is characterised by high abundances of
species (U.
T. angulosa, H. balthica, M. barleeanum,

infaunal mediterranea,
B. marginata, and C. laevigata) and reflects
the present-day environmental setting with
warm intermediate water masses (Eastern
North Atlantic Water and Mediterranean
Outflow Water), a strong hydrodynamic
regime and a high nutrient supply to
intermediate depths. This environment not
only appears to be the controlling factor for
the high abundance of the Interglacial
group, but also for the cold-water coral eco-
system.
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Mound development

The distribution of the off-mound
assemblages in the on-mound core shows
that the Interglacial group is relative
abundant throughout the complete on-
mound core. However, no clear glacial
conditions are preserved in on-mound
sediments, which most likely implies that
glacial sediments have been removed from
the mound. Additionally, the glacial envi-
ronment in the northern Porcupine Seabight
was not suitable for Lophelia to grow, as
low nutrient availability, high sediment ac-
cumulation and low temperatures were be-
yond its habitat limits. With no corals on
Propeller Mound, the unconsolidated fine-
grained, terrigenous sediments can be easily
removed by enhanced current speeds during
termination to the present-day oceano-
graphic regime.

The Mound group, only found in on-
mound sediments, is dominated by attached
epibenthic species (D. coronata, G. translu-
cens, C. lobatulus, C. refulgens, Q. vulgaris,
H. sarcophaga, B. robusta, P. ariminensis
and 7. brady). They prefer to live attached
to elevated substrates, such as the cold-
water coral Lophelia pertusa and character-
ise variations of the coral coverage on Pro-
peller Mound. A decreasing trend of the
Mound group for the past ~175 kyr indicates
that benthic community on Propeller Mound
is on a decline, which might result in final
burial in the future.

Mound Factory

The results obtained for Propeller Mound
and its closer vicinity indicate the important
environmental control that accounts for the
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growth and retreat of corals, and which are
steered by oceanographic and climatic fac-
tors. Under fully glacial conditions no corals
lived in this region. During terminations,
ENAW and MOW regain their present char-
acteristics. Enhanced currents removed the
unstabilised sediments from the mound,
which is expressed by several hiatuses cov-
ering glacial periods of core GeoB 6730-1.
Coral larvae entered the PSB with the in-
flow of the MOW during terminations and
were able to (re-)colonise the elevated
structure. With an oceanographic regime
comparable to the present-day setting the
mound recommenced to grow.

The glacial-interglacial cycle with
changing environmental conditions seems to
be one mechanism driving the development
of the carbonate mounds along the Celtic
Margin, summarised in the model Mound
Factory. This model accounts for the time,
when the N Atlantic experienced the North-
ern Hemisphere Glaciation, which started
between 3.1 and 2.5 Million years BP.

Perspectives

This study and the established model
efficiently describes the mound growth and
development covering the period of the Late
Quaternary, related to external, oceano-
graphic and climatic control mechanisms.
However, factors controlling the initial
mound growth and further development of
the carbonate mound are still under debate
and need to be specified by investigations
on sediment cores penetrating the mound
base. Therefore, a mound drilling campaign
would ensure to resolve the speculative
hypothesis for mound initiation.
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Appendix 1 — Faunal reference list

APPENDIX 1

Faunal reference list of benthic foraminiferal species considered in this thesis (in
alphabetical order)

Agglutinated tube fragments, this group covers fragments of tubes of agglutinated species of
different size and shape, which only can be related to the genera as Astorhiza sp.,
Rhabdammina sp. and Saccorhiza sp.

Amphicoryna scalaris (BATSCH) = Nautilus (Othoceras) scalaris BATSCH, 1791. Oki
(1989, pl.6, figs. 3a-b).

Bolivina robusta BRADY — B. robusta BRADY, 1881. Oki (1989, pl. 10, fig. 1).

Bolivina subspinescens CUSHMAN = B. subspinescens CUSHMAN, 1922. Ellis and Messina
(1940-1978, http://www.micropress.org/micropress/eandm/index.php3).

Bulimina marginata d’ ORBIGNY = B. marginata d’ORBIGNY, 1826. Feyling-Hanssen et al.
(1971, pl. 6, fig. 17-20), Oki (1989, pl. 11, fig. 3), Collins (1989, pl. 1, fig. 4).

Cassidulina laevigata ’ORBIGNY = C. laevigata d’ORBIGNY, 1826. Feyling-Hanssen et
al. (1971, pl. 7, figs. 20-21, pl. 18, fig. 12), Mackensen and Hald (1988, pl. 1, figs. 1-7),
Schiebel (1992, pl. 2, fig. 11), HeB (1998, pl. 13, fig. 8).

Cassidulina obtusa WILLIAMSON = C. obtusa WILLIAMSON, 1858. Hald and Steinsund
(1992, pl. 2, fig.3), Gooday and Hughes (2002, pl. 2, fig. d).

Cassidulina reniforme NORVANG = C. reniforme NORVANG, 1945. Thomas et al. (1990,
pl. 4, figs. 13, 14, pl. 10, fig. 10).

Cassidulina teretis TAPPAN = C. teretis TAPPAN, 1951. Mackensen and Hald (1988, pl. 1,
figs. 8-15), Gooday and Hughes (2002, pl. 2, fig. e).

Cibicides lobatulus (WALKER & JACOB) = Nautilus lobatulus WALKER & JACOB, 1798.
Feyling-Hanssen et al. (1971, pl. 9, figs. 9-14), Thies (1991, pl. 17, fig. 4, pl. 18, figs. 1-
20), Struck (1992, pl. 5, fig. 1), Schonfeld (2002b, pl.1, figs. 2-3).

Cibicides refulgens MONTFORT = C. refulgens MONTFORT, 1808. Schonfeld (2002b, pl.1,
figs. 11-12), Weston (1985, pl. 2, fig. 8).

Cibicidoides kullenbergi (PARKER) = Cibicides kullenbergi PARKER, 1953. Caralp (1985,
pl. 6, figs. 8-11), Clark et al. (1994, pl. 1, figs. 1-3).

Cibicidoides wuellerstorfi (SCHWAGER) = Anomalina wuellerstorfi SCHWAGER, 1866.
Holbourn and Henderson (2002, pl. 5, figs. 6-8, as Planulina wuellerstorfi, as they
follow generic assignation of van Morkhoven et al. (1986)).

Cornuspira involvens (REUSS) = Operculina involvens REUSS 1850. Murray (2003, pl. 4,
fig. 5).

Dentalina frobisherensis LOEBLICH and TAPPAN = D. frobisherensis LOEBLICH and
TAPPAN, 1953. Feyling-Hanssen et al. (1971, pl. 3, fig. 2), Schroder-Adams et al.
(1990, pl. 4, fig. 10).

Discanomalina coronata (PARKER and JONES) = Anomalina coronata PARKER and
JONES, 1857. Schonfeld (2002b, pl.1, fig. 14).

Elphidium excavatum (TERQUEM) = Polystomella excavata TERQUEM, 1875. Thomas et
al. (1990, pl. 4, figs. 5-7, pl. 7, figs. 1-3, pl. 9, figs. 19-22), Thies (1991, pl. 19, fig. 5),
Alve and Murray (2001, pl. 1, fig. 3), Jennings and Helgadottir (1994, pl. 2, fig. 14),
Lloyd (2000, pl. 2, fig. g).

Elphidium incertum (WILLIAMSON) = Polystomella umbilicatula var. incerta
WILLIAMSON, 1858. Feyling-Hanssen et al. (1971, pl. 21, figs. 8-9).

Epistominella exigua (BRADY) = Pulvinulina exigua BRADY, 1884. Gupta (1994, pl. 4,
figs. 18-19), Mackensen et al. (1990, pl. VII, figs. 1-2).
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Fissurina laevigata REUSS = F. laevigata REUSS, 1850. Oki (1989, pl. 8, figs. 2a-b), Quilty
et al. (1990, pl. 1, fig. 3).

Fissurina marginata (MONTAGU) = Vermiculum marginatum MONTAGU, 1803. Murray
(2003, pl. 5, figs. 3-4), Gabel (1971, pl. 15, figs. 36-37).

Gaudryina nitida HAQUE = G. nitida HAQUE, 1956. Oki (1989, pl. 4, fig. 4).

Gavelinopsis translucens PHLEGER & PARKER = G. translucens PHLEGER & PARKER,
1951. Gooday and Hughes (2002, pl. 1, fig. A), HeBl (1998, pl. 15, figs. 1-2), Timm
(1992, pl. 7, fig. 12), Schiebel (1992, pl. 4, fig. 5).

Globocassidulina subglobosa (BRADY) = Cassidulina subglobosa BRADY, 1881. Struck
(1992, pl. 3, fig. 2), Timm (1992, pl. 6, fig. 20), HeB3 (1998, pl. 13, fig. 14), Ohkushi et
al. (2000, pl. 2, fig. 8).

Globulina sp.1 = Globulina 633 of Lutze collection, Institute of Micropaleontology,
University of Kiel.

Gyroidina neosoldanii BROTZEN = G. neosoldanii BROTZEN, 1936. Ellis and Messina
(1940-1978, http://www.micropress.org/micropress/eandm/index.php3).

Hoeglundina elegans d’ORBIGNY = Rotalia (Turbinulina) elegans d’ORBIGNY, 1826. Oki
(1989, pl. 22, figs. 7a-c), Gupta (1994, pl. 2, figs. 7-8).

Hyalinea balthica (SCHROTER) = Nautilus balthicus SCHROTER, 1783. Oki (1989, pl. 17,
fig. 6).

Hyrrokkin sarcophaga CEDHAGEN = H. sarcophaga CEDHAGEN, 1994. Freiwald and
Schonfeld (1996, p. 202, fig. 2a; p. 205, fig. 5a)

Islandiella norcrossi (CUSHMAN) = Cassidulina norcrossi CUSHMAN, 1933. Feyling-
Hanssen et al. (1971, pl. 8, figs. 1-2), Jennings and Helgadottir (1994, pl. 2, fig. 5).
Melonis barleeanum (WILLIAMSON) = Nonionina barleeana WILLIAMSON, 1858. Struck

(1992, pl. 4, fig. 6), Timm (1992, pl. 6, fig. 6), HeB3 (1998, pl. 13, fig. 5).

Nonion depressulus (WALKER & JACOB) = Nautilus depressulus WALKER & JACOB,
1858. Thomas et al. (1990, pl. 10. fig. 11).

Nonion pauperatum (WALKER & WRIGHT) = Nonionina pauperatum WALKER &
WRIGHT, 1885. Murray (2003, pl. 9, fig. 1).

Nonionella auricula HERON-ALLEN and EARLAND = N. auricula HERON-ALLEN and
EARLAND, 1930. Feyling-Hanssen et al. (1971, pl. 10, fig. 7-9).

Nonionellina labradorica (DAWSON) = Nonionina labradorica DAWSON, 1860. Jennings
and Helgadottir (1994, pl. 2, fig. 8), Thomas et al. (1990, pl. 10, fig. 14).

Oolina hexagona (WILLIAMSON) = Entosolenia squamosa (MONTAGU) var. hexagona
WILLIAMSON, 1858. Oki (1989, pl. 7, fig. 10), Feyling-Hanssen et al. (1971, pl. 17,
fig. 6).

Oolina striata d’ORBIGNY = O. striata d’ORBIGNY, 1839. Ellis and Messina (1940-1978,
http://www.micropress.org/micropress/eandm/index.php3).

Oolina williamsoni (ALCOCK) = Entosolenia williamsoni ALCOCK, 1865. Gabel (1971, pl.
11, fig. 6), Feyling-Hanssen et al. (1971, pl. 18, fig. 1-2).

Patellina corrugata WILLIAMSON = P. corrugata WILLIAMSON, 1858. Schroder-Adams
et al. (1990, pl. 6, fig. 3).

Planopulvinulina dispansa (BRADY) = Pulvinulina dispansa BRADY, 1884. Ellis and
Messina (1940-1978, http://www.micropress.org/micropress/eandm/index.php3).

Planulina ariminensis d’ ORBIGNY = P. ariminensis ’ORBIGNY, 1826. Feyling-Hanssen et
al. (1971, pl. 9, fig. 4-6), HeB3 (1998, pl. 16, fig. 8).

Praeglobobulimina pupoides (d’ORBIGNY) = Bulimina pupoides d’ORBIGNY 1846. Gabel
(1971, pl. 14, fig. 18).

Psammosphaera fusca SCHULZE = P. fusca SCHULZE, 1875. Schroder-Adams et al. (1990,
pl. 3, fig. 3).
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Pullenia bulloides (d’ORBIGNY) = Nonionina bulloides d’ORBIGNY, 1826. Feyling-
Hanssen et al. (1971, pl. 10, figs. 13-14).

Pullenia quinqueloba (REUSS) = Nonionina quinqueloba REUSS, 1851. Oki (1989, pl. 20,
figs. 7a-c).

Pyrgo rotalaria LOEBLICH & TAPPAN = P. rotalaria LOEBLICH & TAPPAN, 1953.
Thies (1991, pl. 14, fig. 4; pl. 15, figs. 1-21), Struck (1992, pl. 3, fig. 1).

Quinqueloculina seminulum (LINNE) = Serpula seminulum LINNE, 1758. Feyling-Hanssen
etal. (1971, pl. 1, figs. 18-20), Jennings and Helgadottir (1994, pl. 1, fig. 14).

Quinqueloculina vulgaris ’ORBIGNY = Q. vulgaris ’ORBIGNY, 1826. Oki (1989, pl. 5,
fig. 6).

Rosalina vilardeboana d’ORBIGNY = R. vilardeboana d’ORBIGNY, 1839. Gabel (1971, pl.
16, fig. 1-3).

Sigmoilopsis schlumbergeri (SILVESTRI) = Sigmoilina schlumbergeri SILVESTRI, 1904.
Oki (1989, pl. 5, figs. 7a-b), Feyling-Hanssen et al. (1971, pl. 2, figs. 17, 18).

Sigmoilopsis woodi ATKINSON = S. woodi ATKINSON, 1968. Ellis and Messina (1940-
1978, http://www.micropress.org/micropress/eandm/index.php3).

Spiroloculina depressa d’ORBIGNY = S. depressa d’ORBIGNY, 1826. Oki (1989, pl. 4, figs.
11a-b)

Trifarina angulosa (WILLIAMSON) = Uvigerina angulosa WILLIAMSON, 1858. Oki
(1989, pl. 12, fig. 10), Schiebel (1992, pl. 3, fig. 1), Timm (1992, pl. 6, fig. 5).

Trifarina bradyi CUSHMAN = T. bradyi CUSHMAN, 1923. Weston (1985, pl. 1, fig. 5), Hel3
(1998, pl. 10, fig. 14).

Triloculina oblonga MONTAGU = T. oblonga MONTAGU, 1803. Cann et al. (2000, pl. 4,
fig. p-s), .

Triloculina rotunda d’ORBIGNY = T. rotunda d’ORBIGNY, 1893. Gabel (1971, pl. 7, figs.
7-9), Ellis and Messina (1940-1978, http://www.micropress.org/micropress/eandm/
index.php3).

Uvigerina mediterranea HOFKER = U. mediterranea HOFKER, 1932. Thies (1991, pl. 17,
fig. 3), Schiebel (1992, pl. 3, fig. 7).

Uvigerina peregrina CUSHMAN = U. peregrina CUSHMAN, 1923. Feyling-Hanssen et al.
(1971, pl. 7, figs. 9-11), Timm (1992, pl. 6, fig. 2), Hell (1998, pl. 11, figs. 2-3),
Ohkushi ez al. (2000, pl. 2, fig. 4).
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Ad

10.

11

12.

13.

PLATE 1

. Bolivina robusta BRADY, 1881.

Sample: GeoB 6730-1, 18 cm, fraction 125-250 pm.

Bulimina marginata ’ORBIGNY, 1826.
Sample: GeoB 6725-1, 368 cm, fraction 250-500 pm.

Bolivina subspinescens CUSHMAN, 1922.
Sample: GeoB 6725-1, 338 cm, fraction 250-500 ym

Cassidulina laevigata d’ORBIGNY, 1826.
Sample: GeoB 6725-1, 253 cm, fraction 125-250 ym.

Cibicides lobatulus (WALKER & JACOB, 1798).
Sample: GeoB 6725-1, 58 cm, fraction 500-1000 pm.

Cibicides lobatulus (WALKER & JACOB, 1798).
Sample: GeoB 6725-1, 58 cm, fraction 500-1000 pm.

Cibicidoides kullenbergi (PARKER, 1953).
Sample: GeoB 6725-1, 338 cm, fraction 250-500 pm.

Cibicidoides wuellerstorfi SCHWAGER, 1866).
Sample: GeoB 6725-1, 368 cm, fraction 250-500 pm.

Discanomalin coronata (PARKER & JONES, 1857).
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

Discanomalin coronata (PARKER & JONES, 1857).
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

. Elphidium excavatum (TERQUEM, 1875).

Sample: GeoB 6725-1, 338 cm, fraction 250-500 pm.

Elphidium incertum (WILLIAMSON, 1858).
Sample: GeoB 6725-1, 338 cm, fraction 250-500 pm.

Epistominella exigua (BRADY, 1884).
Sample: GeoB 6725-1, 313 cm, fraction 125-250 ym.
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PLATE 2

1. Hyalinea balthica (SCHROTER, 1783).
Sample: GeoB 6725-1, 13 cm, fraction 250-500 pm.

2. Hyrrokkin sarcophaga CEDHAGEN, 1994.
Sample: GeoB 6730-1, 3 cm, fraction >1000 pm.

3. Melonis barleeanum (WILLIAMSON, 1858).
Sample: GeoB 6725-1, 338 cm, fraction 250-500 pm.

4. Planulina ariminensis d’ORBIGNY, 1826.
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

5. Pullenia bulloides (1’ORBIGNY, 1826).
Sample: GeoB 6730-1, 148 cm, fraction 125-250 ym.

6. Pullenia quinqueloba (REUSS, 1851).
Sample: GeoB 6730-1, 3 cm, fraction 250-500 pm.

7. Pyrgo rotalaria LOEBLICH & TAPPAN, 1953.
Sample: GeoB 6730-1, 3 cm, fraction >1000 ym.

8. Quinqueloculina seminulum (LINNE, 1758).
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

9. Trifarina angulosa (WILLIAMSON, 1858).
Sample: GeoB 6725-1, 23 c¢m, fraction 250-500 pm.

10. Sigmoilopsis woodi ATKINSON, 1968.
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

11. Sigmoilopsis woodi ATKINSON, 1968.
Sample: GeoB 6730-1, 3 cm, fraction 500-1000 pm.

12. Uvigerina mediterranea HOFKER, 1932.
Sample: GeoB 6725-1, 23 cm, fraction 250-500 pm.
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Appendix 2 — Benthic foraminifera

APPENDIX 2.1

Relative abundances (%)
of
benthic foraminiferal species (> 2 %)

Off-mound core GeoB 6725-1
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Appendix 2 — Benthic foraminifera

14!
(2!
(44
08¢
L'Y8

€1

o

9L'0
[
(A
90
7o

68'¢

o
o
980
68°Cl
60
8L'¢

98°0
17°¢9

11°0
€0°¢
26°01
9T

€€C

€60
0V
161
(3
2143
§'96

80C

600
LY'0

€1
€'l
SL0
(4!
¢80
LY0
8¢0
€Tl
L0

8¢0

8¢0
8¢°0

8¢°0
Yo'L1
8¢'¢
600
SS9
8¢0
8¢0
600
9T
8¢0

66°01

8¢CC

'l
S6'C
vl
e
e
oL

LST

LY'0
geo
¥T0
geo
6S°0
¥C0
it
LY0
LY0
LY'0
LY'0
60°0¢
IL°0
(44
1.0
69°19
¥6'0
'l
LY0
oL'e
LTTIT
86T

€CC

IL¢C
8C'8
L1
LT
8L1
01s

Wy

€0

10°1
10
Se'l
SOy
10°T
89°0

89°0
89°0

Se'l
89°0
L1°0
IL°61
L1°0
€0C
IS0
8C'8¢
89°0
89°0
89°0
eLYy

[Nl
9°¢T

8I¢C

LST
€C'8
8’1
LT
181
LY
96'v
L1°0
LET
980
L1°0
LE'T
LST
LET
LT0

LET
690

690

690
81°CI
6v'S
98°0
o'LS
690
690

6v'S
690

€eCl
14Y4

€lc

6C'¢
17’9
123!
e
L61
6'LY

11¢C

690
[y
690
6¢'l
LT°0
690

690
690

6¢'l
6¢'1

€0Cl
(24

80¢C

Sre
¥T'6
So'1
€C
wl
9°9¢
L6'9
89'1
120
SO'1
89'1
68’1
10

8°0

86°CI

€0C

YTl
8C'81
€r'e
(13
Y44
6'tS

S09

SI'o
LL'T

SI'o
88°0
G388
90'C
LY'T
L0

8I'L
6S°0
6S°0
6S°0
€e’l
88'6
€0l
118

6’1
Y6'LY
6S°0
8I'L
9¢€T
6S°0

el
8T

861

8Tl
€e’L
'l

81
LOT
1'LT

Sy

8I'¢
594

L8'C
16°1

€CC

(4]
LTT
594

¢s'6
¥9°0
¢S'6
9°0
¥9°0¢

911
9vC

€ol

ere
SLET
LOC
ST
ILT
0ey

w6'C

IL'C
L9'1

8¢SV
STl
€8°0
€8°0
£€ee
€80

L9'T
1253
£8°0

09
88’1
YO'IT

10
SL'8Y
w0
L9'T
LTTIT
Ve

881

LOY
6L 11
€9°C
I
LOV
168

€0°¢

6¢'1
861

9L'€E
8¥'C

¥'0
LO€
8L'T
6S°0

8¢C'T

o
6L'0
8L'T
¥6'S

¥'0
6L'0
124"
60’1

86'11

6¢'l
LTEE
6C'1
LT
1’9

LLT
70

€CTl
e

€81

8y'c
8C'L
€9°C
8¢C
80¢
8L

144
11°0
we

79
SO'1

we
10
89°L

89°L

8T
LY'1

9¢°L
80

19'8
L0
geel
e
§09¢C
0°¢
9¢'¢
€9

8°0
LTI
e

8LI

8'C
91'8
ev'e
€C
1444
0Tl

96'C
LT1
99
86'0
SO'1
10
er'l
(454
LTT
£€9°0
69°01
9¢°0
S6'C
9Ll
68°Cl
8¢¢
¥6°0¢€
61’9
Sy
SCe

18°C
1811
8°€C

€LT

e
119
89°C
9C
-1e
§'96

0
L9°01
600
10C
8°¢€C
9°¢
L'L
4!

(9%

G811

9°¢€C

891

Ire
61'8
96T
6C
Lye
6'96

8Y'e
€61

890
169
LT
89°0
8C'1
LLO
600
89°0
c0¢

6L'1
LT0
89°0
'S

LL'O
6S’L
89°0
ELLT

6'C
¥9°8¢C
PIaY
18C
€L'C

c0¢
89°0

Irel
¥'eT

€91

ev'e
1€°¢
16T
LT
61¥
S0l

9I'¢
LO0
18°0

90°¢S
€CC

801
S0
19°0

w1
S0

19°0
€ro
S0
6yl
801

[{a%
18°0
LEST
6v'C
18%¢C
IL'6
6¢'S
69'1

vee
Ieelt
ee

8¢C1

s
889
(44

(44
14\%
001
ev'e

e

9L'¢
9°0

[{NN!

€51

88y
ELTI
9LT
0¢
-ce
0's6

869

£€9°0
81°0
Lo
LO€
9¢'1
Lo

Le
18°0
600

Lo

60
Lo
Lo
So'L
Lo
Lo

crol
9C'C
o181
600
181
96°0¢
90°¢
Lo
68'C
Lo
8L'S
Lo

SO'TI
geee

8yl

96'¢
Lo
6S'C

ST
1432
0TL

8¥°0
124!
LTTI
89'1
L'1T
8CC
cTle
9¢'¢
9
960

9L'¢
VLTI
01°Ce

vl

IL¢C
L8
veT
ST
8¢
6'¢9

98T
&0

IL°0

€18
140!
LSO
e
€'l
v1°0

LSO
1L°0

66'¢

LT
SS'LT
4!
ol

89°¢C
LSO
8¢9
L1

LSO
LSO

L6'01
99°1¢

8¢l

S0'6
61°01
Ve
e
LTT
PR%Y

1Ty
66'0

9T’
£€9'C
144
80
91°0

(4!
99°0

80
91°0
91°0
869
990
el
8C
8C91
Iy
£v0e
So'c
6C'¢

(4!

SETI
IT1e

€el

€C’l
Ly
S8l

61
61
SOy

9¢°¢

9C'C
24!

S8l
10
SOl
80
170
68’1
6C'¢
98ty
€Tl
8¢9
CL'ST

SOl
80

SY°0l
1e0c

8¢CI

8CC
¥6'S
91T
(44
90¢
0°col

€L’o0
€L’0
810

99

81°0
LL'ST
I'1
8CCI
LTO0
(4%
L9°E
LO'8
LY'T

LY'T
L0l
98'61

€Cl

1T
9L81

81T

R34
w
‘v
ov
6€
8¢

All



Appendix 2 — Benthic foraminifera
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Appendix 2 — Benthic foraminifera

68°¢
'8
9T
[43
1494
0'6ve

I8
el
68'0¢

65°9¢
€0'l
S6°0

70
170

170

14y
'l
£6'0

90C
Iv'0
A
€0'1
'l
290
LET
So'v

68'C
L

so'v
ILe

[4N1!

13%14

L9L
L9°TI
8¢C
€€

£€ee
75601

6€9
(4%
ILve

61°¢CI
L8°0
8L'1
880
el
19
1€l
81T
S0'¢
Ie1

0

8'v
SL'1
124\
9L'1
L80

[k}
L8
L80
124\
19°C

el

8SY

86°¢
9'6
9T
123

CLE
L1901

L
L1T
L'1e

81
19°¢C
160

8¥°0
LT

€0

$6'9
L8°0
19'C
19°C
Ly'e

1340
61°C
6’
910
LL'T
LT

€1
T6'¢
&0
L8O
L80

88°¢l

1394

9y
€e’L
L9°C
9¢

1344
0SSl

86'C
81'Y
€Cle

68'11
98°¢

€e0
100
¥9°0

ce0

€0'8
90

96°0
1ce

790
(4!
€6'1
€e0
9TT
98¢

e
€9
960
0
(404

8¢l

144

6S°S
8¢'8
69'C
[43

L8E
6'GLST

LLY
I¢1
609¢

Biad!
vr'C
SE'l

$9°0

90
€€0

£6°¢

€1
6L'1
Ly
§9'0
1S°0
87’1
6v'1
9T
9L'6

9C
$9°0
€1
Ice

8¥'Cl

(324

§col
LTYI
98'C
33
YLE
L'1SS

9¢'6
16'1
6'8¢

oI'L
6’1
LS'T

€0
€00
€9°C
0

8¥°0
eL’s

611
87°0
98¢
8¥°0
8%°0

9'¢
3:04
8C0
LSY
899

8¥°0
6€'C
L6'S
3!

(4%

STl

IS°6
el
66'C
9¢
VLT
06lc

16
1!
£9'61

[4: 08!
Ire
99°0

L0

€0
6¥'C

9v
81T

e
90
90

LY
969
L6°0
Y6'1
S6'6

90
eL'e
we
4!
YTl
eL'e

SLTI

LY
9L
19T
6C
SLE
€8¢

yee
oLl
16°9¢
0
S91
98¢
660

781
€00
88°0
o
124\

8¢S

I'1
50

[
22!
90°¢S
Se'l

9L
o
L6'C
696
124\
80°¢
el

9L'T

8LCI

douonbas 9yrprqng,

8¢y

€ey

:144

(494
'L
17T

123

1'1e9

e
e
seoy
8¢€°0
1ovI
80°C
910

LT'T

LSO
LSO
9L°0
9L°0
8¢0
909
8¢€°0
LSO

9L°0
(4!
{24
LLO
9%
Vel
So6'l
Ire
LSO
8¢0
T
8¢0

61°0
9L°0

19°¢1

%44

99y
<L
129
LE
Lyy
Ie6L

1489
950
10°6¢
8C°0
oLl
V'l
68°0

80
9¢°0
[N}
8C0

(40!

L9
80
9¢°0

950
40!
LO€
€6°C
W'Y
€00
IL'T
Ies
¥8°0
8C0
crl
80
¥8°0
8C0
veT

vl

81y

veEL
86'6
9T
0¢
124
¥'68S

L1'T

8LYC
LEO
ITLT
8C'1
oI'l

'l
100
S

LEO
€L'0

L6
LEO

€L°0
€L’0
€81
LL'9
LST
Lev
170
68'¢
S0'8
€L0
99°¢
260
sco
o'l
€8'1

€8I

€y

2901
9¢l
68'C

33
66C
0'TLT

89'¢

YO'€l
90
(4%}
89°¢
SLO

$9C
910
910
60
260

€7C

(4R
€0
14!

90
€T
€rol
68t
Le€
910
[{a%
cIol
60
910
78’1
60
910
SI'y

[4:x4!

80¥

IL9
LY'6
LT

€¢
901
198

SLe
LEO
LTL

€T
9¢'1
810

't
(4%
¥9°0
910
LEO
L0
8¢C

88y

99°1
P81
81
6C'1
(4581
ge
8LV
S90]
8¢l
LYl
781
LEO
LEO

910
9¢'L
€9°Cl

£v'e

(3014

I8¢
LY'8
89°C
I
19¢
8'¢ST

86'¢
LEO
g9'¢

16°C
cee
wo

60C
o

w0
80
¥8°0

98°¢

9¢'1
9C'1
80
[
6£9¢
€8°C
gee

L9C
V81
60C
80
cee
9Tl

98¢
8°0

el
6C'CE

86¢

ELY
16°S
L9'T
€C
2149
yeel

6L°0
§To
L8'1

sCo
61°0
(40!
900
§co
€0
9T
1€°0
LT
L6°0S
L8T
89°C
cro
9¢'1
£ve
0
0
YLy
G811
14%43

€6¢

8T
12 Y
6’1
9¢
8SY
ja4n!

Syl

L1
SI'0
620
€Lo
LO0
6C0
86’1
620

LEO
99°0
650

€81
LEO

6S°0
14
(24
89'1
IS
LO0
€L0
ev'LT
880
LT'T
60
S1'o
6¢°L

96°11
43

88¢

(454
SI'L
I'c
[43
Iy
Lell

6v'¢

oWl
8C°0
¥1°0

ce0
¢80
el'l
8C0
8C0
8C0
wl
LSO

8C'1
LSO
€70

¢80
P81
6C°6¢
€r'e
9L'¢
901
8¢'LT
¢80

LSO
8C0

S6'9
LSO

8L'TI
98'I¢

€8¢

S
6v'8
€r'e

I
1484
€8LI

e
¥1°0
160

60'1
8I°¢
€L’0
9¢€'0
9¢C
810
S

€L'0
60'1

60'¢
9¢'0
Sy'0

80
LT0
srov
(44
81°¢
65’1
LO'ST
€L0

9¢€°0
80

€9°¢
el
IL'TE

8LE

Y
6v'8
(4%

8¢
181
9'6cl

8C
[4N0
I'1

6¥°0
LY'1
¥T0
6¥'0
8L'1
Y20

6¥'0

LY'T
yTo0

L1
e
1cee
81°¢
88'8
L9°0
't
89°LC
6v°0

86'0
980
¥T0
€9°¢
¥C0

LTI
LS'TE

€LE

£8'8
8LEl
8¢C
6¢
SIe
6'6¢l

86°¢
Ly

¥9°¢
L8°E
€C0

Iv'e
90

90
910

69'S
160
40!

65’1
90
1ece
689
9191
€0
vI'l
€0°Cl

(43!
16'0
€00
S %

96Tl
eV'Ie

89¢

869
I'T1
L9°C
33
66C
I'sit

199
1T°0
gee
9¢°0
9¢°0
LOE
€90
9¢°0
L9'1

9¢°0
181
9¢°0

cee
9¢°0
S6'1
960
960
18°1
SL'LT
LL'E
LSV
LO0
'l
90°CI
6LC

[4N!
(40!

cee
9Tl
6C'1¢

€9¢

R34
w
A4
ov
'6€
8¢

A 13



Appendix 2 — Benthic foraminifera

A 14



Appendix 2 — Benthic foraminifera

APPENDIX 2.2

Relative abundances (%)
of
benthic foraminiferal species (> 2 %)

On-mound core GeoB 6730-1

A15



Appendix 2 — Benthic foraminifera

S8l
99°CC
ore
54

ory
1°00%

9
1$°0
00°¢
1$°0

LT6
€0
1$°0
LET
€0
LET
€01
681

LT°0

€01
200

1$°0

1$°0
€0
€0
90T

811

€L0
69°0

[

867
€0

Sl

€0
Yo°L

1$°0
€ev'e
SLT
80C
SLT
€ev'e
(7!
¥6'0C
€0
€01

SOIL
(388

Le'el
9¢°61
61°¢
oY

S6¢
81°98¢

SS9
6€'T
T
6’1

€68

se0
L1
60
w1
190
'C
60

0L0

se0
0L0
se0
se0
€re
0L0
L1°0

el

90
60

60

€$Sy
0'1
90

6€'T

6Ly
6€'T
0L0
6€'T

we
05’1
£8'¢
€$Sy
L1
0s'6l
se0
L80

0611
801

€E11
Leel
10°¢
6¢

L9T
YL'LIT

£€€'8

66'¢

L6
6€'T
8LC
LT°0
69°0
erl
9TT

8¢°01
€01

€91
o6l
€re
Cld

09¢
88T

6L°11
sTo
8LC
sTo

806
sTo
61°0
07T

LL'T
0'1
v1'C
€ro
101
88°0
050
[
050
101
€ro

£€°6

sTo

[
050
050
£€9°0
€ro
[
101
050
89°¢
1T

6€'T

T
9T'1
1494
101
101
Se'se
050
[

0011
86

vLT1
LT91
so'e
Cld

8¢
60°T¢

80'8
L1
(84
91°0

L8T1
wo
1o

60
161
LTl
e
1o

60

LTl
1o

wo
80
LTl
1o

9911
wo
€ro
80

08’1
L6C

6L°0
80
98°C
80
170
6v'C
1o
SL'T
9C°0
1s°¢
ST
ST
68°CC

80

1911
€6

ol
ceel
e
44

1s¢
05°L81

or'ol
8€0
€9
60
erl
6L°6
61°0
00
9'C
86’1
(4!

9’1

L8C
05T
IS5
[
6€°¢
1evl

SLo

€1l
88

81°01
99°¢l
8°C
6¢

ee
°6'8¢S

6C9
cro
Ll
6L°0

LOST
190

9L'1
€€0

o'l

€S
670

670

°6'T
67°0
L9°0
L6'0
L6'0
67°0
S6°C

67°0
w1

10
6L'T
6T'L
6T
€8°¢€C
670
670

1cel
€8

LLel
SI9t
ILe
[43

65C
£8°60

€y

Wil
0Cce
6C°Cl
el
080
[
LO'T
€50
800
€50
€50
€50
1L
€00
LO'T
L9C
LO'T
0T
1424
€8S
9¢'e
LTy
LO'T
1ce
§9°¢T

£5°0

SL'TT
8L

9L¢1
1L°0C
68°C
9¢
€LY
16°€8¢

0T'6
£€9°0
ocel
9°0

60°S1
0

L6'0
LTT
660
6£°0
6£°0

61°0
LT°0

6£°0

9l'1
S
96'9
6£°0
810
LLO

9l'1
LLO
LLO
6£°0
wy

0r'0
S6°C
6£°0
6L
89C
9l'1
LLO
9l'1
L6l

8I'vl
€L

L67C1
Ll
00°¢
144
o1y
ISR 2Y

1L
£8°0
6’8
60
70
SI9t
70
£€6°0

70
LSO
60
£8°0
70
90

00

70

70
YTl
£8°0

£8°9
se0
170
8¢S

0'1
£8°0
70
£8°0
oy
90
100
ST

S6'8
681
£8°0
06C
99°1
6¢°Ll
70
70
70

yoel
89

00°¢1
se6l
€0’
44
(%4
98°L19

oTL
61°0
€06
SU'l
00
e81
61°0

LYo
LY'C
8Tl
08°0
LSO

8€0
900

9L°0
9L°0
erl
60

€9
1o
8€0

[
wg

LYo
8€0

o'y
SLY

00
08’1
ss'e
L0C
erl
W
681
16°T1

€0

69°¢l

rerl
66'€T
e
a4

oy
£8°209

vS'L
sTT
8L'8
vT0
18°0
9gel
[4V]
£€9°0

00
8¢l
860
£8°C
190

00

00
[4V]
00

[4V]
ertt
[4V]
S0
[4V]
L9'S

oW
[4V]

0’0
16v
LL'e
0’0
09y
(4!
0T
[4V]
98y
ceol
YTl
L8'S

crel
8¢

6801
st
60°¢
8
ocy
SreoL

£€6'S
€L0
1ot
70
LTe
evel
9¢°0
9¢°0
90
SLO
sv'e
810
LSO

€91
200
9¢°0
9¢°0
9¢°0
9¢°0
181
60T
€L0
€91
50
61°0
9¢°0
50
ol
9¢°0

9¢°0

80°¢
LT
50
6£°0

cri
€5

80°¢I
145!
sl'e
8

SPe
86'909

95°6
60T
1e01
€00
sTs
L
o
0
o
1o
el
0
€00

e
100
0
99°0

0
el
0
0
Ly'Tl
el
1o
88°0
£9°6
00
88°0
0

sTel
e
60T
o

soct
8

8¢T1
orot
16C
LE

86¢
or'vLy

689
€0
(43
8€0
687
V6'L

800
€0
w1
190
660
107
00

€81
€81
¥6'81

8€0
v1'C
6LC
SOyl
190
1€°0
190

L9'¢
w1

1€°0

190
0¢'1
w1
S8
SLT

1€°0

YO'11

0sLl
PE'TC
so'e
oy
9€C
16°'59¢

ocol
°6°0
L6'9
650
88°0
o9
°6°0
€0
00

1Tl
SL9

88°0

650
£€6°C
LT

9CSl
0
650
650
£€Te

19°L1

(a4
LT
Lyl
1Tl
we
Lyl
8TS
9'C
650
650

£9°6
8¢

1zel
68°Gl
ore
oy
00¢
1€°1€9

LS6
LYo
6L¢l
600
08°C
809

€00

01'e

LYy
€00

LYo

LYo
or'1
£€6°0
Ly'81
£€6°0
860
9'1
L6’
888
0L0
050

LYo
LYo
01'e
£€6°0

or'l
€0
L1
61'C
LYo
LYo
8Y'L
LST
LYo
0L0
050

¥8°01
€€

vL91
¥L'9C
9T’e
Ly

10¥
£9°evL

€801
€Sl
or'8
L00
1444
929

0

LEO
96°0
o
e

8LC

LSS
100

LEO
96°0
LEO
eLst
660
8IS
96'C
Lol

[}
L0
LEO
LEO
LEY
L0

9L°0
LEO
S8l
[
LEO

£€e'e
8¥'l
e
96°0

€911
8¢

£0°¢1
11°6¢C
8TE

8

661
91'9¢01

98
66T
£€°6
540
€0’
989

8L'1

S0
el
600
[

(4!

667
900

540

0€'0
1Tl

0€'0
65°G1
190
0
1$°9
0€'0
(7!
540
SO'TT

ocol
€C

081
§T9C
we
Ly

cle
9019

€col
6L'T
LETI
sTo
[
143

101
sTo

600
10T
sTo
9T'1
wL
€00
9L°0
050
10T
050

8¢°01
050

ool
81

k44
G8'ee
€ev'e
Ly

1994
9L'6CL

9¢'11l
66T
LSEl
LO'T
LEO
iad

01'e
96°0

£€9°0
L8'1

19°C
96°0
L9'L
800

19°C
LEO

LEO
LL'8

€0
e
LEO
€e'e
860
ws
LEO
68C
671
LEO
96°0
€y
61°0

€ev'e
s0C
€Ll
1Tl

[t
orv
891

LLO

SL'TT
€l

1€91
L6'LT
e
oy
09
9%'998

orer
98’1
866
$6°0
611
we
LT°0
65T

9¢°0

LTl
€Sl

1

(XY
00

€0
€0
1$°0
8¢TI

9L°0
£€6'S

S6°C
oL'1
08°L
LT°0
8€0
£€0C

€0
L6C
80

06C
89°0
1Tl
£0C
89°0

6€°¢
ST

£0C

68°01
8

6791
61°ST
e
6

LY9
6’1788

Wil
91T
6611
00
T
96°S

0¢'1
se0

€0
e
se0
0L0

819
00

or'1
se0
se0
se0
SO

S6'8

or'1
Is'e
€6'l
YTl
wo

101
€

(%) SLD3AS "YIUQIAR AJJ3
(9) serads “yuaqrdos *
Xapur (S)H

“pur (Q[/s2102ds yiuaq Jo #
‘pUI PAUNOD "PUQ JO # *
S/suowoads ‘yuaq -

sarads 10130
puri8atad )
DIUDLIIIPIUL (] *
ppunjoL |
1poaq g
somnsup “J
vssaudap *§
128.42quinyos °§
BUBOQIPIR[IA "y *
SLDSINA ()
wnpnunuas Q)
DLDDIOL "
vqojanbumb * g
sopiojng °d
vosnf-q
saprodnd "
SISUUIULID "] *
psupdsip “J *
DIDENLIOD "
IS "
DIDLUS "0 *
pUOSDXY () -
DILIOPDGD] "N
DIILIND "N
wnp.aadnod “p
sninssaadap "N
wWnupaaLIDG I
18500.40U '] *
p8vydoons “fy
voufirq "H -
sundaja [y
1UDPPJOSOIU 1) -
1°ds puynqor9 -

soqo)Sqns
Su2on]SuD.I1
vpuynr

iUl SAU
pIp81a90]
WNIDADIXD
DIDUOLOD
SISUDL2YSIGOAf "
suaajoaur
1aogsaa]]onm
snpnpqoj
18.42quagny
suagnfo.

CUUUURAREEOUY

‘c
‘0T
61
‘81
LT
91
ST
Pl
€l
K1
1
o1

S32421°) "6
psmqo ") °g
vIp§1aD] ) L
vl g '
pISnqo. g °g
SLIDIDIS Y “f
‘Se1y oqn '[33e ¢

(3) yySrom Kap opdwes g
(wo) ydap |

Al6




Appendix 2 — Benthic foraminifera

81l
S1oc
6'C
w

8¢¢
08T

9¥°01
80°1
88°C
09°0

€0°€T
'l
8¥'0

6’1
L1
6LC
8¥'0
Lo
vT0
'l

LT0
8¥'0
¥T0
8¥'0
91T
0°S

LSO

'l

£€9°0C

8¢
8¥'0
96°0
or'e

PLT1
8¢€C

80T
6L'ST
e
oy

LTE
L9'TTE

€L'6
el
ore
LT0

9I'eT
vT0
vT0

10°¢
S8l
(4!
Lo
L9l

6€C

wo
el
96°0

96°0
96°0
8¥'0
611
179
0'1

8¥'0

LEEl
8¥'0

96°0
el

8T

96°0
00T
8LC

66T
8¥'0
L8C

611
16'1

1¥°01
(274

99°LT
86°CE
1ce
LE

€8¢
91'CTLT

oL
6Tl
€L'e
6Tl

142!
90
90

989
oLV
£8°C
08’1
122

90T

860
€6'1
08’1

1$°0
687

611

19°C1
(44

€01
90T
122
(44
(44
€9Y
LLO
611
1$°0
989

1$°0
(484

Wil
8¢C

00°9¢
orey
6v'¢
54

SOy
L6'EYS

0s’L
191
98'¢
8°0

S8'L
wo

9¢’L
£€9°C
T
(4!
860
96°0
89°1

1°0
wy
96°0

96°0
96°0
08°C
8T0

€9
09°0
6'C

08°C
8€T

96°0
9T'1
96°0
1y
1°0

1404
089
6T'¢
8°C
89°1
Is'e
96°0
1°0
L9
96°0
8T0

6¥°01

81°0¢
soee
LEE
Cld

LOE
£€57Ive

€06
810
£8°C
8°0

8¥'8
810
€ro

S6'L
S8l
(4!
10
s0'e
00
[A]

00
Ll
810

10

se0
wL

99°0
10

0€C
810
09°01
68°'¢
00
1l
1l
88°0
6'1

10
8Ty
€9
90
8°0
88°0
£8°C
10
6'1
Y6t
[A]

9Cel
81¢

6T0¢
'8¢
se'e
44
8¢€€
£6°¢SS

866
6L°0
sl'e
6Ll

€011
90
€0

68C
LLT
€y
SOl
01'e
90
8¢°1
90
L00
SOl

SOl

SOl
8L'S

6£°0

81

€011
0€'9
€50
€50
SOl

so's

oy
69
44
0¢
SO

—eqen ol

SOl
8L'S

90

0011
€lc

Pe9T
0ce
LOE
ag

18¢
STYEY

€e0l
860
L6'1
001

1°0

691
1°0

L6'1

sTT
crotl

00

(4!

861
8T6

96°0
[4!
96°0
6t
1°0

LT
or'1
810
94
18°C
96°0

1°0
18°C

oret
80¢

S1°sT
¥9°0¢
L6C
54

65€
oL’ ey

LS8
LLO
wy
S6'l

£€9°¢
€ro
L9°0

99°1
el
0c'1
9°0
9°0
€00
1
€00
€00
s0C
1§70

1$°0
1$°0
9°0

STl
618
91°0
ST'1

8'6C
w8

1
1
1$°0
489

€ro
89°¢
€L1
90
L0
1$°0
s0C

9°0
01

05°¢T
16°LT
S6°C
44

19¢
09°989

£8°6
€0
9L'T
STl

1101
1o
900
66C
€Tl
67’1
1o
90
900
°6°0
90
90
€01
S8
€00
8¢l
SEVT
we
°6°0
LSO

°6°0
1sC
%60
so's

1o
657

S1°01
861

S K4
69'vC
£8°C
6¢
€0y
16°1¢y

LS
810
8Tl
601

66'¢

£€9°C
8€T
9¢'1
810
8Tl

8Tl

L00
€L0
50
9¢°0
SY'l

€L0
Yl

€S°L

600

001

61°SE
€SS

€L0
18°1

06C

18°1
89C
S6'l
€L0
YT
9¢°0
wy
9¢°0
540
LTe

101
€61

9781
STlie
06C
oy

8Iv
9'v0€

59

89°0
w1

8IS
LT0

00°¢
or'1
SLO
€Tl
0T

601

€00
16'1

LT0
16'1
LT0
LT0
80
€16

€9°1

e
66'S

LT0
9¢'1
LT0
9¢'1
50
98°C
8€T
50
8¥'0
L8]
80
e
LT0
9¢'1
YT

9'6
881

8P'91
99°L1
LL'T
6¢

69¢
6T

YL'L

ST'1

1’9
1§70

6'C
601
STl
€ro
€ro
1
900
s0C
122
81T
1
99°1
90'8
91°0
€ro
IY'se
e
1
122
9°0
£8°0
L0e
ST'1
1
€ro
6'C
489

€ev'e
s0C

19°01
€81

91'9¢
96°0¢
s0'e
w

€le
6L'18C

88°L

v1'C
L0
661

L0

cro
8¥'C
050
050
cro

67’1
sTo

wL

050
050

18°9C
wL

050
050
67’1
we

8v'e
8Ty
98’1
290
6T¢
661
96'S

290
661

!
8L1

8TPT
£'9C
L0E
LE

65€
6£°€EC

or'9
LYo
9Ll
80

1691
650
Lyl

€0
T
80
650

€00
LYo

650
6°0

LTTl
810
901

66'L
0L'c
SEY
6°0
6°0
6°0
e
66"
SL
29
9
Ts
8¢

O~ = =

oLl
(4 x4

ccol
€Ll

w9t
69°0¢
€re
oy

sov
crors

99°¢

[}
91T

6¥°91
€ro
60

90
(484
6£°0

6L°0
60

L00
60

90
1€l
9C°0

L€l

€0
60

96'1

£5°¢
vi'e
£5°¢

90
'l
vi'e

90
66'¢
LES
SLT
SO
6SL
LS'T
€8l
6v'C
09

6111
891

L8PT
LT'6C
og'e
6¢
Lyy
8€°ELE

8EY
8€'¢
6CC

651
9T

)

6¢'1
8T'e
209
0'1
0€'0
9¢'8
6LC
8I'e
060
86'¢

LLO1
€91

86°CT
£€€°9C
LEE
Ly
ocy
S9'Ive

'L
01’0
LL'T
1

66CI
9€'T
69°0
00
L8]
vL'E
6L°0
6L°0
9L'T

200
8Tl
01’0
6£°0
6£°0
9€'T
L6l

6£°0
9’8
8Tl
200
6L°0

860

e
8Tl
18°C
6L°0
6£°0
8Tl
06C

6£°0
6L'¢
¢
00
0€'0
[t
L6l
L6'1
L9l
6'¢

0611
8¢1

19°¢T
YL'0g
e
54

1y
TLY9T

L

88°0
994
or'6
1§70

88°0
w9
88°0
€L0
6LC

0

00
8Tl
650
6C°0

184
9Ll

650
Yo°L
650

88°0
650

9Ty
w1
el
650
6C°0
90T
or'1
6C°0

6C°01
€51

€291
61°61
ol'e
54

ee
0¢'LLT

189

Ll
0Cce
1$°0
9LVl
8€0
sTo
01
€571
LY'S

1
ocy

900
1$°0
€ro

1$°0
1$°0
1$°0
1$°0
€571
(304
L9°0
€571

L0y
68°0
€ro
1
1$°0
1$°0
0s'e
€ro
1$°0
8L'1
1$°0
$S°6
91°0
LTS
STl
L0y
1$°0
8SY
1$°0

€1l
8yl

Iv'61
88°CC
ol'e
6¢

89¢
8T°€9C

8EY

0ce
ST
60
1291
'l
90
SOl
SOl
69°S

LS'1
60C

€ro
60

60
60T
60
60

Lol
€0
SOl

€S
8¥'C
6£°0
LS'T
60
60
(484
€ro

8¥'C

8L
140!
wL
SOl
60T
SOl
€S
60

[at
34!

€801
€8¢l
8I'e
oy

6C¢
89°0C€

L
6°0
8Tl
€571

LOST
90'1
810
90'1
LYo
90T

88'1
LY'C

LYo
€00
6°0

SET
1
LYo

T8

cro
LYo

LYo

IS
650
vT0
LYo
650
6°0
88'I
se0
650
00T

489
L6'0
0911
194
Ly
88'1
8IS

09°01
8¢l

061
01'9¢
1ce
8¢

6¥C
V6'L9E

9V
08°0
e
we

€S°LT
66T
oc'1
651
6€C
6€°¢
90
00
001
00

200

61"
08"
00
08"
L6"

SO —=O ™

6€C

16°01
€el

€ELl
SY'Ic
e
LE
9T
8T'19¢

o'l
$8°6

200

€L0

8¥'6
o'l
810
€L0
€L0

10

810
ST

SL'L
611
€08
°6'T
o'l
(4!
s9'¢

y1I'Cl
8¢I

109T
6¥°6C
Iee
w

99¢
90'8CS

19
€0
08¢
8¢l

Pyl
€0
L0C
8Tl
90
6€Y
€00
81
81
69°0

STl
LT°0
90

°6°0
0€'T
°6°0

90
LEL
90
€0
°6°0

66'S
9L'T

90
90
90
176

sv'e
L
0€T
(3
8¢l
69°¢
9L'T
8¢l
90

orel
€l

£8°6C
Se9¢
8I'e
Siy
5908

816
£€e's
£8°0
1761
8T'1
0¢'1
or'1
89C
se0
122
1$°0
8€T
810
LLO
€01
1$°0
899
611
€01
90T
88"

123
9T

Sen

(Uxal
8T1

‘9
‘09
65
‘8¢
LS
9¢

I Nl e

A 17



Appendix 2 — Benthic foraminifera
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depth
(cm)

13
18
23
28
33
38
43
48
53
58
63
68
73
78
83
88
93
98
103
108
113
118
123
128
133
138
143
148
153
158
163
168
173
178
183
188
193
198
203
208
213
218
223
228
233
238
243
248
253

> 63 ym
(2

9.09
9.51
9.60
9.37
10.08
10.75
10.28
11.18
10.28
10.00
10.03
9.77
9.20
8.65
8.70
8.00
9.43
8.53
8.64
8.88
8.56
8.30
8.06
8.35
8.40
8.48
7.91
7.77
7.91
9.14
7.74
8.60
9.04
8.41
8.93
8.47
8.57
9.00
8.45
8.07
8.11
8.32
8.08
8.30
8.20
8.66
8.45
8.29
9.12
9.53
9.20

GeoB 6718-2
2-63 pym
(@

7.08
6.97
6.80
6.58
7.14
7.82
7.52
8.52
7.88
7.52
7.64
7.37
6.86
6.41
6.62
5.42
5.95
5.47
5.45
4.65
4.99
4.43
3.81
3.75
3.70
3.78
3.46
3.22
3.66
4.67
3.50
3.68
4.44
4.15
4.28
4.06
4.64
4.47
4.40
4.05
3.72
4.06
3.75
3.54
3.43
3.69
3.85
3.73
4.71
5.30
4.60

<2 um
(2

2.01
2.54
2.80
2.79
2.93
2.93
2.77
2.66
2.39
2.48
2.39
2.39
2.35
2.24
2.08
2.58
3.48
3.06
3.19
4.23
3.57
3.87
4.26
4.60
4.71
4.70
4.45
4.56
4.25
4.47
4.24
4.92
4.60
4.25
4.66
4.41
3.92
4.53
4.05
4.02
4.39
4.26
4.33
4.77
4.77
4.97
4.61
4.56
4.41
4.23
4.60

APPENDIX 3.1

Grain size data:
Sand (> 63 pum), silt (2-63 ym) and clay (< 2 ym) content

> 63 ym
(2

6.78
7.88
7.31
8.32
9.48
9.63
9.66
9.67
7.53
7.80
9.15
9.36
9.27
7.82
7.79
9.84
9.32
9.75
9.34
9.00
8.76
8.83
9.04
9.13
9.78
9.34
9.63
9.72
9.60
9.46
9.27
9.58
10.04
10.25
10.09
10.50
9.65
10.34
9.77
10.10
10.70
10.21
10.08
10.00
9.85
9.75
9.50
9.46
9.60
9.60
9.45

GeoB 6725-1
2-63 pym
(@

4.68
5.47
4.98
4.94
4.86
4.95
4.63
4.47
3.88
3.67
4.04
3.97
4.19
4.05
4.46
5.20
5.10
4.92
4.34
3.81
3.65
4.04
4.25
4.15
4.85
4.76
4.69
4.98
5.05
5.00
5.00
5.15
5.66
6.00
5.40
5.70
5.26
5.31
5.26
5.60
6.12
5.98
5.29
5.49
5.19
5.17
5.43
5.37
5.21
5.51
5.39

<2 um
(2

2.09
241
2.33
3.38
4.62
4.68
5.03
5.20
3.64
4.13
5.10
5.39
5.08
3.77
3.33
4.65
4.22
4.82
5.00
5.20
5.11
4.79
4.79
4.99
4.93
4.58
4.94
4.75
4.55
4.46
4.27
4.43
4.38
4.26
4.69
4.80
4.39
5.02
4.52
4.49
4.58
4.23
4.79
4.51
4.66
4.58
4.07
4.09
4.39
4.09
4.05

Appendix 3 — Grain size data

> 63 ym
(2

5.49
6.47
6.72
7.75
9.02
9.69
9.21
9.85
9.89
9.34
8.99
9.21
9.75
9.70
9.90
9.75
10.58
9.44
9.42
9.48
9.42
9.14
9.44
8.72
9.39
9.45
9.62
9.66
9.84
10.31
9.92
10.18
10.85
11.26
10.40
10.50
9.64
9.77
9.56
9.46
9.43
9.77
10.14
9.54
10.04
9.89
8.56
8.91
7.40
6.43
6.51

GeoB 6727-2
2-63 pym
(@

3.94
4.66
4.60
4.10
4.70
4.40
4.47
4.69
4.99
4.67
491
4.96
5.49
5.30
5.73
5.31
5.63
5.08
5.10
5.01
4.94
4.98
5.13
4.57
4.88
4.79
5.13
5.25
5.29
5.64
5.61
5.94
6.42
7.05
6.19
6.29
5.85
5.76
5.91
5.73
5.94
6.03
6.25
5.48
5.54
5.83
5.70
5.46
4.73
4.13
4.33

<2 um
(2

1.55
1.81
2.12
3.65
4.32
5.29
4.74
5.16
4.89
4.67
4.08
4.26
4.26
4.41
4.17
4.45
4.95
4.36
4.32
4.48
4.48
4.16
4.30
4.15
4.52
4.66
4.49
4.40
4.56
4.67
4.30
4.25
4.43
4.21
4.21
4.21
3.79
4.02
3.65
3.73
3.49
3.74
3.89
4.06
4.50
4.07
2.86
3.45
2.67
2.29
2.18
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Appendix 3 — Grain size data

depth
(cm)

258
263
268
273
278
283
288
293
298
303
308
313
318
323
328
333
338
343
348
353
358
363
368
373
378
383
388
393
398
403
408
413
418
423
428
433
438
443
448
453
458
463

A 20

>63 ym
(2

9.22
9.28
9.30
9.41
9.70
9.96
9.78
9.84
9.72
10.16
10.68
9.93
10.05
9.45
9.73
9.83
8.41
9.31
11.78
10.92
10.30
10.12
9.93
9.69
9.64
10.14
10.16
10.27
10.85
10.97
12.08
11.95
11.23
10.99
10.32
11.16
10.97
11.66

GeoB 6718-2
2-63 pym
(@

4.40
4.11
4.11
4.20
4.27
4.43
4.35
4.51
4.65
4.82
5.16
5.05
5.22
4.99
5.20
5.33
4.60
5.02
6.46
5.68
5.19
5.45
5.22
5.19
5.09
5.75
6.04
5.95
6.74
6.82
7.56
7.21
6.56
6.39
6.71
7.04
7.05
7.21

<2 um
(2

4.82
5.17
5.19
5.21
5.43
5.53
5.43
5.33
5.07
5.35
5.52
4.87
4.82
4.46
4.52
4.50
3.81
4.29
5.33
5.24
5.11
4.66
4.70
4.49
4.55
4.39
4.11
4.32
4.11
4.15
4.52
4.75
4.67
4.59
3.61
4.12
391
4.44

> 63 ym
(2

10.09
9.93
9.75
10.18
10.85
10.57
11.05
11.14
11.76
11.74
12.44
12.24
11.65
11.29
10.54
10.58
10.31
10.21
9.79
11.61
10.58
10.68
10.62
10.56
10.85
10.58
10.84
10.90
11.04
11.50
10.47
9.22
7.85
8.80
10.71
9.16
8.92
6.03
6.01
7.37
7.66
8.23

GeoB 6725-1
2-63 pym
(@

6.07
5.55
5.20
5.75
6.24
6.24
6.58
6.92
7.33
7.31
7.77
7.50
6.83
6.74
6.65
6.34
6.34
6.13
6.12
6.87
6.59
6.41
6.12
6.04
6.03
5.74
5.58
6.21
6.34
6.56
6.61
6.30
5.27
5.47
6.39
5.58
5.85
4.48
4.48
4.89
4.79
5.68

<2 um
(2

4.02
4.38
4.55
4.43
4.61
4.33
4.48
4.22
4.44
4.43
4.66
4.74
4.82
4.55
3.89
4.24
3.97
4.07
3.67
4.74
3.99
4.27
4.50
4.52
4.82
4.85
5.26
4.69
4.70
4.95
3.85
2.92
2.57
3.34
4.31
3.58
3.07
1.55
1.53
2.48
2.86
2.55

> 63 ym
(2

6.68
6.31
9.73
10.45
10.62
10.19
10.03
10.09
10.60
10.37
10.70
10.34
9.76
9.58
9.89
9.04
9.87
9.07
9.37
9.08
9.23
9.62
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APPENDIX 3.2

Silt fraction of core GeoB 6718-2
(in mass-%, orig. Sedigraph output data)
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(in mass-%, orig. Sedigraph output data)
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Appendix 4 — Carbonate and total organic carbon content

APPENDIX 4

Carbonate (Carb) and total organic carbon (Corg) content

GeoB 6718-2 GeoB 6719-1 GeoB 6725-1 GeoB 6727-2 GeoB 6730-1
depth Corg Carb Corg Carb Corg Carb Corg Carb Corg Carb
(cm) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

3 0.62 38.11 — 36.50 0.43 33.29 0.35 38.38 0.47 63.95

8 0.54 38.67 — 39.81 0.39 34.56 0.32 4241 0.39 53.36
13 0.52 40.35 — 39.27 0.28 35.51 0.36 40.57 0.31 58.31
18 0.49 39.72 — 33.14 0.36 29.65 0.26 22.24 0.40 55.62
23 0.54 39.38 — 37.31 0.36 32.09 0.31 24.42 0.37 54.61
28 0.49 35.97 — 28.56 0.33 22.45 0.28 20.68 0.38 48.41
33 0.47 36.10 — 23.05 0.35 23.34 0.31 19.94 0.37 50.00
38 0.47 35.12 — 25.79 0.27 30.41 0.26 18.61 0.37 50.81
43 0.43 35.27 — 24.05 0.36 20.58 0.24 18.99 0.40 50.41
48 0.41 34.45 — 22.81 0.33 19.35 0.31 19.40 0.32 45.26
53 0.42 36.13 — 21.45 0.34 21.61 0.23 21.79 0.36 45.61
58 0.40 37.36 — 21.59 0.27 25.96 0.25 20.91 0.33 53.14
63 0.33 34.55 — 20.95 0.27 24.14 0.26 21.51 0.29 62.33
68 0.37 33.67 — 21.21 0.31 19.93 0.25 22.86 0.25 66.24
73 0.31 31.59 — 21.06 0.20 25.93 0.31 23.28 0.25 64.80
78 0.29 28.65 — 21.09 0.24 19.78 0.28 19.24 0.37 58.46
83 0.29 22.66 — 22.02 0.34 21.35 0.24 23.31 0.41 56.19
88 0.33 24.45 — 19.03 0.31 22.71 0.24 21.58 0.40 53.92
93 0.45 25.52 — 22.90 0.30 21.13 0.31 19.37 0.45 5291
98 0.28 35.46 — 19.18 0.37 18.38 0.33 19.63 0.46 53.49
103 0.43 19.94 — 19.69 0.33 15.99 0.31 18.57 0.42 52.89
108 0.45 17.74 — 19.74 0.32 16.53 0.30 20.21 0.40 52.72
113 0.45 17.41 — 20.19 0.34 15.88 0.32 18.95 0.34 55.85
118 0.38 19.48 — 21.36 0.28 16.22 0.34 19.05 0.20 58.93
123 0.36 18.27 — 20.39 0.27 16.55 0.35 17.82 0.14 51.90
128 0.38 17.68 — 22.81 0.30 17.53 0.33 17.82 0.22 47.03
133 0.37 16.63 — 34.22 0.27 17.16 0.30 18.59 0.28 47.80
138 0.40 14.77 — 25.87 0.28 18.66 0.31 18.90 0.31 43.97
143 0.33 18.29 — 22.35 0.27 18.42 0.23 19.10 0.31 44.48
148 0.33 19.18 — 24.81 0.25 18.18 0.24 19.19 0.36 39.14
153 0.34 16.35 — 26.22 0.25 19.16 0.21 17.91 0.39 34.53
158 0.32 17.19 — 21.86 0.28 18.85 0.25 17.93 0.25 43.62
163 0.36 18.98 — 20.13 0.26 20.06 0.24 18.90 0.35 39.89
168 0.32 16.86 — 20.52 0.25 21.05 0.19 18.34 0.27 45.14
173 0.39 17.26 — 19.91 0.31 20.56 0.21 21.60 0.30 31.38
178 0.42 17.12 — 20.35 0.36 19.66 0.23 21.06 0.28 41.05
183 0.45 17.52 — 20.87 0.35 17.35 0.23 22.64 0.38 40.84
188 0.50 16.09 — 20.18 0.32 17.57 0.24 23.54 0.25 41.98
193 0.49 15.86 — 19.54 0.37 16.67 0.22 23.76 0.19 46.36
198 0.52 15.54 — 19.98 0.24 17.45 0.25 23.47 0.22 45.03
203 0.55 15.94 — 20.19 0.25 20.53 0.22 25.81 0.26 41.88
208 0.41 16.15 — 19.64 0.26 19.78 0.23 28.13 0.30 41.34
213 0.33 16.92 — 20.64 0.33 18.86 0.27 26.64 0.22 39.54
218 0.40 16.39 — 22.19 0.32 18.14 0.19 25.13 0.17 30.45
223 0.29 17.18 — 23.14 0.30 21.55 0.18 24.84 0.19 39.09
228 0.29 16.91 — 23.85 0.33 17.90 0.23 30.44 0.10 62.56
233 0.33 17.18 — 24.15 0.31 20.40 0.24 3891 0.16 57.21
238 0.30 18.96 — 24.88 0.33 18.32 0.21 32.63 0.14 67.04
243 0.28 20.52 — 26.06 0.36 17.87 0.20 33.96 0.13 59.21
248 0.28 21.26 — 26.63 0.35 17.60 0.39 36.94 0.14 62.65
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Appendix 4 — Carbonate and total organic carbon content

depth
(cm)

253
258
263
268
273
278
283
288
293
298
303
308
313
318
323
328
333
338
343
348
353
358
363
368
373
378
383
388
393
398
403
408
413
418
423
428
433
438
443
448
453
458
463

A 40

GeoB 6718-2
Corg Carb
(%) (%)
0.27 19.77
0.30 17.93
0.33 15.98
0.31 16.96
0.33 16.64
0.31 16.57
0.29 17.04
0.28 17.37
0.28 17.08
0.29 17.32
0.25 18.31
0.36 17.80
0.27 18.65
0.27 19.01
0.25 18.89
0.25 18.95
0.28 19.53
0.23 19.70
0.24 21.57
0.27 21.05
0.26 22.54
0.29 18.37
0.32 21.22
0.27 18.85
0.26 19.15
0.25 20.21
0.23 19.28
0.22 19.21
0.22 19.15
0.20 18.53
0.19 16.18
0.24 20.85
0.25 21.68
0.24 23.17
0.25 23.27
0.24 23.36
0.26 25.42
0.25 25.69
0.26 25.94

GeoB 6719-1

Corg

(%)

Carb
(%)

26.12
24.46
26.22
28.46
33.06
34.82
33.20
33.31
31.80
36.73
28.94
26.18
21.31
21.39
21.90
25.81
29.99
36.21
49.39
56.80
56.04
61.64
59.83
57.22
57.17
54.65
27.58
25.42
28.47
45.71
22.04
24.64
19.76
20
19.19
19.23
19.05
18.49
18.73
18.54
18.57
18.33
17.98

GeoB 6725-1
Corg Carb
(%) (%)
0.34 17.74
0.32 18.55
0.26 18.20
0.26 17.85
0.23 18.22
0.25 17.84
0.23 18.52
0.23 17.85
0.20 17.06
0.20 18.83
0.22 18.98
0.26 20.37
0.27 20.39
0.28 20.67
0.27 21.49
0.27 20.90
0.24 23.06
0.22 23.44
0.27 23.22
0.26 23.85
0.27 21.09
0.30 25.64
0.23 27.64
0.35 22.33
0.29 20.12
0.27 22.30
0.29 22.49
0.29 22.04
0.31 23.55
0.33 25.83
0.33 23.16
0.34 28.75
0.34 29.71
0.21 27.44
0.31 27.62
0.29 21.46
0.28 23.62
0.24 27.67
0.24 40.25
0.25 48.74
0.24 50.78
0.19 41.59
0.38 23.23

GeoB 6727-2
Corg Carb
(%) (%)
0.15 54.24
0.18 48.78
0.11 49.93
0.15 35.21
0.10 17.14
0.24 25.16
0.16 17.20
0.23 17.22
0.20 17.40
0.23 15.24
0.30 15.30
0.33 15.54
0.34 16.04
0.37 16.14
0.42 14.94
0.48 14.73
0.49 14.61
0.47 15.02
0.56 15.34
0.51 15.61
0.47 14.64
0.46 14.94
0.45 16.35
0.44 15.77
0.47 14.30
0.47 16.26
0.39 15.91
0.40 13.86
0.42 15.45
0.45 14.81
0.42 14.06
0.46 16.02
0.42 14.49
0.36 14.23
0.19 15.95
0.16 16.20
0.23 16.81
0.20 16.71
0.15 21.70
0.16 34.80
0.14 23.65
0.17 31.24

GeoB 6730-1

Corg Carb
(%) (%)
0.17 58.41
0.13 63.26
0.17 60.31
0.14 63.74
0.10 70.37
0.21 66.70
0.17 65.65
0.15 66.21
0.13 63.46
0.10 59.91
0.08 49.18
0.10 41.15
0.14 51.11
0.16 23.80
0.25 31.87
0.45 23.59
0.14 40.31
0.15 33.26
0.14 34.38
0.13 39.63
0.15 39.02
0.16 47.83



Appendix 5 — Stable oxygen isotopes

APPENDIX 5

Stable oxygen isotopes

GeoB 6718-2 GeoB 6719-1 GeoB 6725-1 GeoB 6727-2 GeoB 6730-1
depth (cm) "0 (%o) 8"0 (%o) 8"%0 (%o) 8"0 (%o) 8"0 (%o)

3 2.60 3.55 3.58 2.88 1.49

8 — 3.16 3.59 3.86 1.42
13 1.90 3.53 3.60 3.68 1.44
18 3.22 3.65 3.59 3.78 1.45
23 3.25 3.62 3.63 3.84 1.50
28 2.68 3.42 3.60 3.84 1.55
33 1.69% 3.60 3.68 3.78 1.51
38 291 3.73 3.71 3.81 1.48
43 278 3.73 3.68 3.72 1.48
48 3.29 3.58 3.71 3.69 1.57
53 2.14 — 3.67 3.66 1.53
58 1.85 3.77 3.64 3.73 1.84
63 1.86% 3.66 3.71 — 2.12
68 1.83* 3.67 3.66 3.63 221
73 2.00% 3.77 3.59 3.51 2.34
78 2.80% 3.74 3.63 3.60 2.35
83 3.16 3.65 3.78 3.57 2.32
88 3.26 3.70 3.62 3.14 2.27
93 3.23 3.59 3.54 3.78 2.28
98 3.42 3.54 3.52 3.80 2.40
103 3.50 3.56 3.55 3.66 2.22
108 3.37 3.62 3.61 3.75 227
113 3.33 3.64 3.51 3.59 2.33
118 3.45 3.39 — 3.68 1.95
123 3.51 3.54 3.62 3.64 3.04
128 3.63 3.47 — 3.72 2.77
133 3.53 3.28 3.59 3.58 3.22
138 3.47 3.47 3.55 3.62 3.32
143 3.61 3.48 — 3.60 3.28
148 3.14 3.53 3.59 3.72 3.19
153 3.62 3.49 3.49 3.84 3.36
158 3.84 3.53 3.54 3.61 3.28
163 3.86 3.45 3.9 3.59 3.05
168 3.87 351 3.61 3.66 2.85
173 3.57 3.50 3.61 3.56 2.58
178 4.00 3.47 3.39 3.68 2.43
183 — 3.51 3.23 3.62 2.36
188 3.83 3.26 3.20 3.68 251
193 3.88 3.42 3.35 3.79 2.49
198 3.87 3.53 3.42 3.61 2.37
203 4.17 3.35 3.29 3.63 227
208 4.10 3.41 3.56 3.61 2.34
213 3.88 3.46 3.60 3.51 2.33
218 3.84 3.55 3.64 3.10 2.35
223 3.89 3.44 3.62 3.44 2.42
228 3.73 3.58 3.71 3.33 2.35
233 3.58 3.48 3.49 3.22 2.25
238 3.71 3.68 3.61 3.24 2.28
243 3.83 3.28 3.68 341 2.25
248 3.83 3.40 3.54 3.59 2.02
253 3.83 3.37 3.37 2.82 1.92
258 3.90 3.18 3.57 2.62 1.78
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Appendix 5 — Stable oxygen isotopes

GeoB 6718-2 GeoB 6719-1 GeoB 6725-1 GeoB 6727-2 GeoB 6730-1
depth (cm) "0 (%o) 8"0 (%o) 8"0 (%o) 8"%0 (%o) 8"0 (%o)
263 3.83 — 3.39 2.53 2.32
268 3.78 3.28 3.48 3.10% 2.08
273 3.69 3.13 3.57 2.90% 2.25
278 3.71 3.15 3.47 3.01* 2.60
283 3.71 3.36 3.55 3.28% 245
288 3.69 3.25 3.53 3.34% 2.59
293 3.70 3.34 3.42 3.20° 2.53
298 3.62 3.30 3.60 2.81° 2.59
303 — 3.17 3.51 3.02° 2.89
308 — 3.09 3.44 3.07° 2.98
313 3.64 — 3.43 2.97° 2.89
318 3.52 3.02 3.54 — 2.96
323 3.70 2.97 3.73 — 274
328 3.63 3.46 3.66 — 2.66
333 3.58 3.58 3.39 — 3.08
338 3.63 3.47 3.44 — 2.65
343 3.48 3.57 3.40 —
348 3.34 3.57 3.40 —
353 3.58 3.60 3.48 —
358 3.73 — 3.35 —
363 3.65 2.54 3.17 —
368 3.71 2.42 3.11 —
373 3.45 3.11 3.28 —
378 3.57 241 3.28 —
383 3.68 2.60 3.11 —
388 3.59 245 3.31 —
393 3.59 2.29 3.25 —
398 3.62 2.30 3.22 —
403 3.79 2.85 3.11 —
408 3.56 1.16 2.79 —
413 3.57 — 3.09 —
418 3.66 2.83 2.82 —
423 3.73 — 3.34 —
428 3.68 — 3.61 —
433 3.67 — 3.64 —
438 3.63 — 3.22 —
443 3.47 — 2.80 —
448 — 2.37 —
453 — 2.46 —
458 — 2.33 —

463 — 2.96

All values correspond to measurments on tests of Cibicidoides kullenbergi, except * = Cibicidoides wuellerstorfi,
and ° = Cibicidoides spp., — = no data.

A 42



GeoB 6718-2

GeoB 6725-1

GeoB 6727-2

GeoB 6728-2

GeoB 6729-1

GeoB 6730-1

Appendix 6 — Computer tomographic images

APPENDIX 6

Computer tomographic images

Off-mound cores

(section 1-3).......cccivnvvnnnen.... A 44
(section4-5)......ccoviinvnnnnnnn.. A 45
(section 1-3).......ccoevnnvnnnen.... A 46
(section4-5)......ccovivnvnnnnnnn.. A 47
(section 1-3).......ccovvnnvnnnen.... A48
(section4-5)......ccovivnnnnnnnnn.. A 49

On-mound cores

(section 1-3).......ccoevnvvnnnen.... A 50
(section4-5)......ccoviinnnnnennn.. A 51
(section 1-3).......ccoivnvvnnnen.... AS52
(section4-5)......ccovvinnnnnnnnnn.. A 53
(section 1-3).......ccoivnnvnnnen.... A 54
(section4-5)......ccoviinnnnnnenn.. A 55

A 43



Appendix 6 — Computer tomographic images

A 44



Appendix 6 — Computer tomographic images

A 45



Appendix 6 — Computer tomographic images

A 46



Appendix 6 — Computer tomographic images

A 47



Appendix 6 — Computer tomographic images

A48



Appendix 6 — Computer tomographic images

A 49



Appendix 6 — Computer tomographic images

A 50



Appendix 6 — Computer tomographic images

A 51



Appendix 6 — Computer tomographic images

A 52



Appendix 6 — Computer tomographic images

A 53



Appendix 6 — Computer tomographic images

A 54



Appendix 6 — Computer tomographic images

A55



Appendix 6 — Computer tomographic images

A 56



Appendix 7 — Carbonate Budget

APPENDIX 7

CARBONATE BUDGET OF A COLD-WATER CORAL
CARBONATE MOUND: PROPELLER MOUND,
PORCUPINE SEABIGHT

Boris Dorschel', Dierk Hebbeln', Andres Ruggeberg®, Christian Dullo?,

! Department of Geology, Univerity of Bremen. Postbox 330440, D-28334 Bremen, Germany

2 GEOMAR Research Center for Marine Geosciences, Wischhofstrafe 1-3, D-24148 Kiel, Germany,

Abstract

High resolution studies from the Propeller Mound, a cold water coral carbonate mound in the
NE Atlantic, show that this mound consists to >50% of carbonate justifying the name
“carbonate mound”. Trough the last ~300,000 years approximately one third of the carbonate
has been contributed by cold water corals, namely by the species Lophelia pertusa and
Madrepora occulata. This coral bound contribution to the carbonate budget of Propeller
Mound is probably accompanied by an unknown portion of sediments buffered from
suspension by the corals. However, extended hiatuses on Propeller Mound only allow the
calculation of a netto carbonate accumulation based on the preserved sediments. Thus, netto
carbonate accumulation for the last 175 kyr accounts for only <0.3 g/cm**kyr, which is even
less than for the “normal” sedimentation off the mound. These data imply, that Propeller
Mound faces burial by hemipelagic sediments as it happened to numerous buried carbonate
mounds found slightly to the north of the investigated area.
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1. Introduction

Cold water corals have been found all along
the European margin from the Gulf of Cadiz
south of Spain (Somoza et al., 2002) to
northern Norway (Lindberg et.al., subm.)
and often these are found on sea-floor
elevations called carbonate mounds
(Freiwald, 2002). On and around these
structures
geological, biological and hydrological

complex interactions of
processes develop, while one of the key
processes in the formation of the carbonate
mounds most likely is the growth of cold
water corals, namely of the two common
species Lophelia pertusa and Madrepora
occulata. Such carbonate mounds are
especially common along the Celtic margin
in the Porcupine Seabight and in the Rockall
region. There numerous types of carbonate
mounds occur as single conical structures or
as more complex composite mounds ranging
in height above the sea-floor from <1 m to
>150 m, with a substantial part of the
mounds being below the sea-floor (De Mol
et al., 2002; Van Rooij et al., 2003). Thus,
these carbonate mounds represent a
significant volume within the sedimentary
system of the Celtic margin.

As the growth rates of these aphotic cold
water corals can be as high as 25 mm/yr
(Freiwald et al., 1997), what is comparable
to those of reef forming corals in the
oligotrophic shallow water reefs of the
lower latitudes, the question arises to what
extent the cold water corals and the
carbonate mounds contribute to the global
carbonate budget. Due to the volume of the
carbonate mounds along the Celtic margin
together with the neritic shallow water
carbonates of the Norwegian margin
(Mortensen et al., 1995; Freiwald et al.,
1997) the common idea that calcium
carbonate is mainly accumulated within the
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lower latitudes has already been challenged.
The wide distribution of the cold water coral
carbonate mounds has only recently being
discovered and year by year new mound
provinces are found (P. Croker, pers.
comm.). Therefore, up to now the carbonate
stored in these mounds has not been
considered in any global carbonate budget
or any global model of the distribution of
the greenhouse gas carbon dioxide.

To provide some background
information about the carbonate budget of
such carbonate mounds, a case study is
presented here focusing on a particular
mound: Propeller Mound. It is situated in
the Porcupine Seabight, where three distinct
mound provinces exist, each consisting of
numerous carbonate mounds. The densest
coral cover has been observed on mounds in
the Belgica Mound province on the eastern
side of the Porcupine Seabight. Less well
developed coral thickets have been reported
from the Hovland Mound province in the
northern Porcupine Seabight. Slightly
further to the north is the Magellan Mound
province, which largely consists of buried
mounds only detecable by seismic
observations (Henriet et al., 1998; De Mol et
al., 2002).

Propeller Mound belongs to the Hovland
Mound province, where the carbonate
mounds are associated with moats, which
indicate strong bottom currents in the area
(Hovland et al., 1994; De Mol et al., 2002).
It is located in 850 m water depth. Its three
lobate structure extends ca. 2 km in
latitudinal and 0.7 km in longitudinal
direction. With a maximum elevation of
140 m it is one of the bigger composite
mounds. Box corer sampling and ROV
observations revealed patchy L. pertusa
dominated thickets covering the upper



slopes of Propeller Mound, which gradually
change into a coral rubble facies mixed with
hemipelagic sediments towards the lower
slopes (Freiwald et al., 2000; Freiwald,
2002).

By comparing sediment records from
Propeller Mound itself and from the
surrounding “normal” hemipelagic
sediments the specific settings in terms of
carbonate sedimentation for this carbonate

mound will be assessed. Due to the complex

2. Materials and Methods

This study focuses on six gravity cores from
the Propeller Mound and the adjacent areas
taken during a sampling campaign by the
German RV POSEIDON in the NE Atlantic
in September 2000 (Freiwald et al., 2000;
Table Al). The coring locations from the
neighbourhood of Propeller Mound were
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stratigraphic record of Propeller Mound,
marked by numerous hiatuses, a quantitative
carbonate budget is restricted to a netto
budget with respect to the preserved
sediments. However, differences in
contemporaneous sedimentation between
the two settings were only possibly in a
qualitative way, showing that due to the
corals sedimentation on the carbonate

mounds is enhanced by >15-20%.

taken along a transect from 1.2 km NE of
Propeller Mound (core GeoB 6718-2),
0.9 km N of the mound at the adjacent moat
(core GeoB 6725-1) and at the lower slope
of the mound between its two northerly
lobes (core GeoB 6719-1) (Fig. Al).

Figure A1l. Overview and morphological setting of the coring sites in the Propeller
Mound area, Hovland Mound province, Porcupine Seabight. The stars indicate the on-
monnd cores. while the dots show the off-monnd cores.
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Table Al. Overview about the coring locations.

Station # latitude longitude water depth recovery
°N °W (m) (cm)
off-mound
GeoB 6718-2 52°09,379N 12°45,158W 900 450
GeoB 6719-1 52°09,233N 12°46,127W 758 480
GeoB 6725-1 52°09,520N 12°46,010W 820 450
on-mound
GeoB 6728-1 52°09,240N 12°45,920W 749 590
GeoB 6729-1 52°09,231N 12°46,380W 711 460
GeoB 6730-1 52°08,861N 12°46,282W 704 360

These cores are between 4 and 5 m long and
consisted mainly of hemipelagic sediments.
In the following these cores are termed the
off-mound cores.

The cores GeoB 6728-1, GeoB 6729-1
and GeoB 6730-1 were recovered within a
~0.5 km radius from the three different
lobes of Propeller mound (Fig. Al). These
on-mound cores are 3.4 to 6 m long and
contain coral fragments embedded in a fine
grained matrix (Fig. A2). The coral
fragments with up to 30 cm in length built a
loose uncemented framework in these cores
and occurred with changing concentrations
at all depths, with some intervals are
distinctively enriched in corals. These cores
were opened while frozen using a diamond
bladed circular saw. Cutting fluid and the
uppermost
immediately after opening. This procedure
preserved a maximum of sedimentary

surface were removed

structures, kept the corals in place and
provided an excellent surface of the split
cores for further scanning analyses.

2.1. Carbonate analyses

Discrete samples for carbonate analyses
were taken every five centimetre. Analyses
were carried out with a CARLO ERBA
Elemental Analyzer at the GEOMAR in
Kiel following standard procedures (for
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details see Chapter 2). The standard
deviation for the data presented here is <2%.

2.2. XRF-measurements
resolution Ca and Fe analyses

for high

In addition to the discrete carbonate analy-
ses carried out in five centimetre intervals,
high resolution calcium (Ca) determinations
were done with the CORTEX-XRF scanner
(Jansen et al., 1998) at the University of
Bremen. It is a non-destructive analysis
system for scanning the surface of split
sediment cores. Its central sensor unit
consists of a molybdenum X-ray source
(3-50kV), a Peltier-cooled PSI detector
(KEVEX™) with 125 ym beryllium window
and a multichannel analyser with a 20 eV
spectral resolution. The system
configuration (X-ray tube energy, detector
sensibility) at the University of Bremen
allows the analyses of elements from K
(atomic no.19) to Sr (atomic no. 38) (X-ray
tube voltage: 20 kV).

For this study element intensities for Ca
were analysed in 1 cm intervals, with each
measurement taken over an area of 1 cm’.
To obtain statistically significant data
30 second count time were used with an X-
ray current of 0.087 mA. The acquired XRF
spectrum for each measurement was
processed by the KEVEX™ software



Toolbox©. Background subtraction, sum-
peak and escape-peak correction,
deconvolution, and peak integration were
successively applied. The resulting data are
element intensities in counts per second
(cps) and are used as a proxy for the

carbonate content.

2.3. Image analysis for the
quantification of corals

As both methods for the determination of
the carbonate content do not allow
differentiating between carbonate from
corals and carbonate from other sources, an
image analysis was carried out in order to
quantify the coral content in the cores. The
coral fragments are easily to distinguish
from the matrix of hemipelagic sediments as
it becomes obvious from Fig. A2.

For the image analyses calibrated digital
pictures were taken from the coral bearing
cores with the GEOTek colour scanner at
the University of Bremen.

The scans were transformed into grey-
scale images (0 equals black, 250 equals
white) and gridded with grid-intervals of
one pixel. In a first step the grids were
squared to increase the contrast. In the next
steps a 7x7 pixel median filter and a 3x3
pixel structural filter were used on the
images smoothing the background and
eroding single pixel with a high contrast.
After these preparations data were collected
separately for every square centimetre over
the full width of the split core. To detect the
corals a threshold for each sampling
interval, defined by the median grey value
of the particular interval and an absolute
offset of 20 units was used. The floating
threshold was necessary to compensate for
the variations in the matrix. In a last step the
values were integrated over each centimetre
depth interval resulting in area percentages
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of corals being present in each interval.
Although this method did not differentiate
between corals and e.g. molluscs or
gastropods shells it still was sufficient due
to the dominance of coral material relative
to other carbonate particles.

Figure A2. Image showing coral
fragments in the on-mound core GeoB
6730-1 (section 20-40 cm).

For better comparison with the discrete
and the XRF-scanner data sets the area
percentages of the corals were transformed
into weight percentages aragonite of the dry
bulk sediment. The transformation was done
using an average coral-density of
2.66 g/cm’, according to density analyses
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carried out on 15 coral fragments from
Propeller mound and an average dry bulk
density (DBD) for the matrix of 1.19 g/cm’.

2.4. Age determinations

The stratigraphical framework of the off-
mound cores and partly also of the on-
mound cores is based on AMS "C ages
using mono-species samples (~10 mg) of the
planktic foraminifera species Neoglobo-
quadrina pachderma (either dextral or
sinistral) from the fraction 125-250 um
(Table A2). The samples were analysed at
the
Determinations and Isotope Research at the
University of Kiel (Nadeau et al., 1997).

Leibniz Laboratory for Age

The data were corrected for *C and the
calibration to calendar years was done with
the program Calib 4.3 (Stuiver and Reimer,
1993) using the marine data set of Stuiver et
al., (1998), while ages greater 21 kyr BP
were calibrated using the method of Voelker
et al., (1998) (Table A2).

In addition, from the on-mound cores
fragments of the cold water coral L. pertusa
have been taken and dated by the U/Th
method using the Finnigan MAT 262
RPQ2+ Thermal Ionisation Mass
Spectrometer (TIMS) at GEOMAR Kiel.
Details of the cleaning procedure of these
samples are given in Chapter 5. Data
information is provided in Table A3.

Table A2. AMS "C dates of the cores GeoB 6719-1, GeoB 6725-1 and GeoB 6730-1

Laboratory number core depth “C AMS age +/—err. calibrated age
(cm) (yr BP) (yr) (cal yr BP)
Core GeoB 6719-1
KIA 17091 18 6200 35 6640
KIA 17092 98 16100 70 18630
KIA 17093 163 21670 110 25420
KIA 17094 273 26780 180 30830
Core GeoB 6725-1
KIA 16206 68 7135 45 7600
KIA 16202 168 20360 140 23530
Core GeoB 6730-1
KIA 16201 23 4370 35 4500

Table A3. U/Th ages for the cores GeoB 6728-1; GeoB 6729-1 and GeoB 6730-1

core

Core  depth **U/**U U “0Th *2Th ZTh/**Th  *'Th/**Th  age error
GeoB  (em) (%) (dpm/g) (dpm/g) (dpm/g) (dpm/g) (dpm/g)  (kyr) (kyr)
6728-1
3 86+2  2.251+0.002 1.825+0.008 0.01621+0.00002 112.6+0.5 0.741+0.003 143 1.3
83 8243 2.549+0.003 2.263+0.004 0.00533+0.00001 424.6+0.9 0.818+0.002 178 1.0
218 7242 2.495+0.003 2.323+0.009 0.01473x0.00003 157.74#0.7 0.865+0.004 207 2.6
368  60+£3  2.574+0.004 2.531x0.008 0.00929+0.00002 272.3+1.0 0.924+0.003 261 3.6
6729-1
23 1133 3.086+0.003 1.332+0.006 0.02022+0.00030 66.8+0.3 0.388+0.002 53 0.3
73 80+3  2.416+0.003 2.095+0.007 0.01395+0.00002 151.0+0.5 0.802+0.003 170 1.4
268  44+2  2.630+0.003 2.607+0.006 0.00678+0.00001 385.5+1.0 0.949+0.003 300 4.1
6730-1
88  107+2 3.294+0.003 2.122+0.003 0.01370£0.00003 155.8+0.4 0.582+0.001 93 0.3
158  109+4  1.994+0.003 1.526+0.006 0.03068+0.00004 50.6+0.2 0.690+0.003 124 1.0
268 8247  2.673x0.008 2.357+0.007 0.01040£0.00001 226.5+0.7 0.815+0.003 176 1.8
358 6243  3.184+0.005 2.891x0.011 0.02652+0.00004 109.9+0.5 0.855+0.004 207 2.5
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3. Results

In order to use the Ca intensities derived
from the XRF scanning to increase the
resolution of the carbonate content
determinations, the XRF data have been
correlated to the discrete carbonate content
measurements for those core depths the
latter are available. For the off-mound cores
all data plot with r* = 0.77 (Fig. A3a),
disregarding the turbiditic samples at the
base of cores GeoB 6719-1 and GeoB 6725-
1 (see below). With the resulting linear
regression the Ca intensities have been
transformed to carbonate contents (Fig. A4).
The same procedure has been employed for
the on-mound cores. However, the relation
(® = 0.59) between Ca intensities and
discrete carbonate measurements has a
slightly lower slope (Fig. A3b), which is
most likely due to a different composition of
the cores induced by their coral content.

The carbonate contents in the off-mound
cores are marked by high values (>30%) in
the uppermost core sections (Fig. A4). Cores
GeoB 6719-1 and GeoB 6725-1 also have
comparable or even higher values at the
base of the core. Below the maximum close
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to the core tops all three cores have an
extended core section with rather low
(<23%) carbonate contents. However, in all
three cores a significant double peak occurs
in the middle of the low carbonate section
(Fig. A4).

In the on-mound cores the carbonate
contents are significantly higher than in the
off-mound cores. They display some
variation and range mostly between 30%
and 70% and do not show any similarities
neither to the off-mound cores nor to each
other (Fig. AS5). Among these cores the
average carbonate contents are rather
constant ranging from 53% (GeoB 6730-1)
to 56% (GeoB 6728-1) to finally 57%
(GeoB 6729-1). The coral carbonate
contents range between almost 0% and
maximum values of ~40%, with the coral
carbonate content in core GeoB 6730-1 (on
average 17%) being almost three times at
high as in the two other cores (on average
5%) (Fig. A6). There seems to be no
significant correlation between total
carbonate and coral carbonate contents.

Figure A3. Calcium carbonate content versus XRF Ca counts for (a) the off-mound cores
GeoB 6718-2, GeoB 6725-1 and GeoB 6719-1 and (b) the on-mound cores GeoB 6728-1,
GeoB 6729-1 and GeoB 6730-1. Regressions (a) based on all off-mound data excluding the
turbidite sections in GeoB 6719-1 and GeoB 6725-1. Regression (b) based on all on-mound

data.
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Figure A4. CaCO, content versus depth in the off-mound cores based on calibrated scanner
data (line) and discrete samples (rectangles). The turbidite sections are marked by the shaded
area and stratigraphical information is provided by AMS "“C dates. Correlation horizons for
budget calculations are indicated by the dashed lines.

4. Stratigraphy

According to the AMS "C ages the off-
mound cores (GeoB 6718-2, GeoB 6719-1
and GeoB 6725-1) seem to contain rather
continous sediment records going back to
~30 cal kyr BP (Fig. A4), which is also
corroborated by 8'®O data (Chapter 5,
Appendix 8). In cores GeoB 6719-1 and
GeoB 6725-1 the AMS "C dates reveal a
regular sequence with younger ages
following older ones.

The records are marked by the same
major turbiditic sequence occurring at the
base of cores GeoB 6719-1 (below 294 cm
core depth) and GeoB 6725-1 (below
404 cm core depth). According to the oldest
AMS date in core GeoB 6719-1 just above
the turbidite it seems to be slightly older
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than 31 cal kyr BP. Due to higher sedimen-
tation rates in core GeoB 6718-2 the
turbidite level, if present, is not reached in
this core.

Besides the AMS '“C dates shown in
Fig. A4 an additional stratigraphic tie point
is indicated by a characteristic double peak
in the carbonate records in all three cores
(GeoB 6718-2: 364-551 cm, GeoB 6719-1:
134-152 cm and GeoB 6725-1:
206-222 cm). Being situated between the
AMS "“C dates of 25.4 cal kyr BP just below
(GeoB 6719-1) and 23.6 cal kyr BP just
above (Geob 6725-1), the second and higher
part of this carbonate double peak is
assumed to be ~25 cal kyr old. As it occurs
in all three cores it provides a perfect



correlation tie point for these cores. It is
probably related to the Heinrich 2 event and
its European precursor event, both dated to
25.6 respectively 24 cal. kyr BP (Grousset et
al., 2000).

Another stratigraphical tie point for the
correlation of these off-mound cores is the
significant increase in the carbonate content
close to the top of the cores (Fig. A4). It is
interpreted to reflect the onset of the
Holocene, when drastic paleoenvironmental
changes resulted in a distinct shift towards
higher carbonate contents. Also this
supported by 80O
measurements (Chapter 5, Appendix 8).
Thus, the first sample in each of the cores in

interpretation is

which the carbonate content started to stay
on the Holocene level is set to an age of
7.8 cal kyr BP, corresponding to that date
the standard oxygen isotope curve of
(Martinson et al., 1987) reaches a constant
Holocene level. In addition, to allow a
quantitative comparison of the cores it is
assumed that the core tops reflect the
present-day surface sediment.

In these cores the sedimentation rates are
generally higher during the glacial period
compared to the Holocene. The general
trend of decreasing sedimentation rates
towards the Propeller Mound is assumed to
be due to enhanced winnowing (Appendix
8) related to focusing of bottom currents
around the mound (Guo et al., 2000). Such a
mechanism has been named as the prime
process generating the moats around most of
the carbonate mounds in the Porcupine
Seabight (De Mol et al., 2002).

According to AMS "“C datings, U/Th
measurements and 8'°O records the on-
mound cores (GeoB 6728-1, GeoB 6729-1
and GeoB 6730-1) are marked by numerous
hiatuses with almost no fully interglacial or
fully glacial sediments being preserved
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(Appendix 8). Nevertheless, the available
U/Th ages provide a mean by which the
netto carbonate accumulation (i.e. the
preserved material) can be put into a
temporal framework.

U/Th data with ages between 170 and
178 kyr available for all three cores (Fig.
AS) allow a correlation of the three cores
with respect to the netto sedimentation over
a comparable time interval, i.e. the last ~175
kyr, which covers core intervals of 83 cm
(GeoB 6729-1), 73 cm (GeoB 6728-1) and
268 cm (GeoB 6730-1). Older available
U/Th dates in core GeoB 6728-1 and GeoB
6729-1 allow to determine the netto
sedimentation even further back in time.

Of course, the sedimentation rates
derived by this method do not reflect the
actual sedimentation rate at Propeller
Mound during these time intervals
(Appendix 8). However, the netto
sedimentation, which really contributes to
the shape and size of the actual Propeller
Mound is well covered and allows a
comparison with the surrounding drift
sediments on a Late Pleistocene time scale.
Thus, the core tops again have been set to a
zero age, although it is clear, e.g. from core
GeoB 6728-1 with an age of 143 kyr close
to the surface (Fig. AS), that this assumption
is not valid in a solely stratigraphical sense.
Nevertheless, for the calculation of netto
accumulation rates it seems to be a proper
approach.

According to an AMS "“C date of
4,500 cal yrs BP (Fig. AS) and rather low
8"*0 data (Appendix 8) core GeoB 6730-1
contains a section of Holocene sediments at
its top. For a quantitative comparison with
the off-mound cores it is tentatively
assumed that the core section from O to 53
cm in core GeoB 6730-1, marked by low
8'°0 data, corresponds to the last 7.8 kyr.
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Figure AS. CaCO; content versus depth in the on-mound cores based on calibrated scanner
data (line) and discrete samples (rectangles). Stratigraphical information is provided by AMS
"“C and U/Th dates. Correlation horizons for budget calculations are indicated by the dashed

lines.

5. Discussion

In order to discern the impact of a carbonate
mound on the carbonate sedimentation, the
sedimentological data have to be put in a
wider context also including ‘“normal”
hemipelagic sediments, i.e. not affected by a
carbonate mound, to assess the background
sedimentation, which of course also affects
the carbonate mound. In this study the
background sedimentation is reflected in the
off-mound cores, which can be compared on
various scales with the on-mound cores
representing the carbonate mound setting.
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5.1 Carbonate contents

The off-mound cores can be clearly
distinguished in Holocene (0 — 7.8. cal. kyr
BP) and Last Glacial Maximum/Termina-
tion 1 (LGM-T1, 7.8 — 25 cal. kyr BP)
sections, with the sediments of these two
periods being quite different (Fig. A4).
During the LGM-T1 the average carbonate
contents in the three cores range between 20
and 23 wt.-%, while during the Holocene
much higher values of 34 to 37 wt.-% are
observed (Table A4).

As to be expected the carbonate contents
on the carbonate mound are significantly
higher with values below 30 wt.-% are
rather rare (Fig. AS5). According to the



available stratigraphical tie points those
sediments of the last ~175 kyr that remained
in place can be compared. They are marked
by average carbonate contents between 48
and 54 wt.-% with slightly higher average
values (~57 wt.-%) if also the older
sediments are regarded (Table A4). Only for
core GeoB 6730-1 also average Holocene
carbonate contents can be described. With
53 wt.-% these are in line with the other
“young” (i.e.
sediments.

<~175 kyr) on-mound

Comparing the two settings it appears
that the carbonate contents of the on-mound
sediments are on average >25wt.-% higher
than those of the Holocene off-mound
sediments. If the low carbonate glacial off-
mound sediments are considered, the

Appendix 7 — Carbonate Budget

difference is even bigger. However, as no
comparable glacial sediments are preserved
on the mound (Appendix 8) this comparison
will focus on the Holocene off-mound
sediments.

5.2 Coral contents

Despite some tiny coral fragments in the
off-mound cores (Chapter 5), significant
amounts of corals have only been found in
the three on-mound cores. According to the
image analyses the coral content in the
<175 kyr section of cores GeoB 6728-1 and
GeoB 6729-1 mainly ranges between 0 and
<20 wt.-% and is on average rather low
(3 wt.-%, Tab. A4).

Table A4. Sediment composition and accumulation of the investigated sediment cores.

GeoB 6718-2 GeoB 6725-1 GeoB 6719-1
Holocene Glacial Holocene Glacial Holocene Glacial

time interval (kyr) 0-78 7.8-25 0-78 7.8-25 0-78 7.8-25
depth interval (cm) 0-78 78 — 352 0-18 18 — 206 0-26 26 — 134
sed. rate (cm/Kyr). 9.99 15.94 2.30 10.94 3.33 6.28
mean DBD (g/cm_) 1.19 1.06 1.31 1.17 1.29 1.17
mean CaCO; (%) 37.17 20.41 37.24 21.61 34.44 22.50
Accumulation (g/cm_kyr)

bulk sediment 11.887 16.856 3.022 12.756 4.283 7.355
CaCO, 4.418 3.440 1.125 2.757 1.475 1.655

GeoB 6728-1 GeoB 6729-1 GeoB 6730-1
last 175 kyr older last 175 kyr older Holocene  last 175 kyr

time interval (kyr) 0-178 0-261 0-170 0-300 0-78 0-176
depth interval (cm) 0-83 0-368 0-73 0-268 0-53 0-268
sed. rate (cm/kyr) 0.47 1.41 0.43 0.89 6.79 1.52
mean DBD (g/cm_) 1.23 1.28 1.24 1.26 1.42 1.45
mean CaCOs; o (%) 48.08 56.24 54.09 57.34 53.56 52.93
mean CaCOs (o) (%) 2.92 6.13 3.07 4.71 15.62 17.69
Accumulation (g/cm_kyr)

bulk sediment 0.575 1.805 0.530 1.125 9.634 2.208
total CaCO;, 0.277 1.015 0.287 0.645 5.160 1.169
coral CaCO, 0.017 0.111 0.016 0.053 1.505 0.391
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Figure A6. Total CaCO; content and coral derived CaCO,, derived from image analyses,
versus depth in the on-mound cores. Stratigraphical information is provided by AMS “C and
U/Th dates. Correlation horizons for budget calculations are indicated by the dashed lines.

Further downcore the average coral content
can be slightly higher (4-6 wt.-%). In
contrast, in core GeoB 6730-1 the average
coral content (17 wt.-%) as well as the
individual data points (Fig. A6) are
considerably higher.

Although the coral contents differ
strongly, the carbonate contents are rather
similar among the three on-mound cores.
Subtracting the coral content from the
carbonate content in core GeoB 6730-1
yields a background carbonate content of 35
wt.-%, which is very close to the carbonate
content of the Holocene off-mound
sediments. Thus, for this core it can be
assumed that the carbonate in the sediment
consists of the normal background
sedimentation (~35 wt.-%) accompanied by
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~17 wt.-% coral carbonate. In this case the
coral fragments in this core must be rather
large assuring the detection of all coral
particles by the image analysis.

Extending this observation to the other
two on-mound cores reveals a different
pattern. Assuming the background carbonate
content (~35 wt.-%) to be comparable at all
sites, these two sites have besides a coral
content of ~3 wt.-% an undefined carbonate
contribution of ~13 wt.-%. Together with
the corals this adds up almost exactly to the
coral content in core GeoB 6730-1. Thus,
these 13 wt.-% of carbonate might also
reflect a coral contribution. However, this
coral material must be so fine grained that it
is not to detect by the image analysis.



While core GeoB 6730-1 is taken close
to the top of Propeller Mound at a site of
recent coral growth, indicated by living
corals in a near-by box core (GeoB 6722-1,
(Freiwald et al., 2000), no living corals have
been reported from sites close to the other
two cores. If core GeoB 6730-1 contains
mainly corals grown at the site, these are
most likely preserved in rather large pieces,
which will be detected by the image
analyses. If, in contrast, the corals found in
the other two cores have been transported to
the core sites from fields of active coral
growth further upslope the delicate coral
fragments were probably subject to major
destruction during the transport resulting in
a shift of the coral material from the coarse
into the fine fraction, i.e. out of the detection
window of the image analysis.

Based on this assumption it appears that
the coral content in the on-mound cores is
rather constant between 15 and 20 wt.-%,
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adding to a background carbonate content of
~35 wt.-%, typical for the Holocene off-
mound sediments.

5.3 Carbonate accumulation rates

Along the off-mound transect the
sedimentation rates decrease significantly
towards the mound from 10 cm/kyr
(Holocene) and 16 cm/kyr (LGM-T1) to
3.3/6.3 cm/kyr (Table A4), most likely due
to winnowing induced by bottom currents
focused around the mounds. Interestingly,
the sediment composition with respect to the
carbonate content seems to be unaffected by
this process. It also becomes obvious that
glacial sedimentation rates are significantly
higher than those found in the Holocene
(Table A4, Fig. A7).

Figure A7. Sediment composition and sediment accumulation in the Propeller Mound area
indicated for the intervals Last Glacial Maximum-Termination 1 (LGM-T1), Holocene for the
off-mound location and Holocene, the interval 0-175 kyr and older sediments for the on-

mound locations.
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In terms of total and carbonate accumulation
rates, which have been calculated according
to (van Andel et al., 1975), a similar pattern
of decreasing values towards the mound
appears. For the comparison with the on-
mound sediments only core GeoB 6718-2
will be considered as it is located furthest
away from the mound. Being least affected
by any mound-induced bottom current
disturbances this core is probably the best
representative of the background sedimenta-
tion in the area. On a Holocene/LGM-T1
scale its total accumulation rate (AR,,,) and
its carbonate accumulation rate (AR, pone)
range between 11.9/16.9 g/cm™kyr and
4.4/3.4 g/lcm**kyr, respectively (Table A4,
Fig. A7).

Over the rather long time periods
represented in the on-mound cores the
resulting sedimentation rates (<1.5 cm/kyr),
AR, (<2.2 g/cm’*yr) and AR_ .
(<1.2 g/lcm**kyr) are rather low and partly
only around 10% of the comparable off-
mound values (Table A4, Fig. A7), what, of
course, is due to the incompleteness of the
records as mentioned above. Thus, these
numbers are only netto rates over the
respective time spans but they do not allow
a direct comparison with the off-mound
cores in terms of real sedimentation.

The only direct comparison appears to
be possible for the Holocene sections of the
on-mound core GeoB 6730-1 and the off-
mound core GeoB 6718-2, although the
completeness of these sections in a
stratigraphical sense can only be assumed.
AR, and AR are quite similar in both
cores, with the AR, being slightly higher

carbonate

in the off-mound core (11.9 g/cm**kyr vs.
9.6 g/cm**kyr) and AR being slightly
higher in the on-mound core (4.4 g/cm**kyr

carbonate

vs. 5.1 g/em®*kyr), reflecting the higher
CaCO; content in this core (Fig. A7).
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5.4 Carbonate budget

The establishment of a full carbonate budget
for the uppermost part of the Propeller
Mound is hampered by the incompleteness
of the sediment record. Based on the
preserved sediments the netto carbonate
accumulation through the last 175 kyr is
between 0.5 kg/cm® (GeoB 6728-1 and
GeoB 6729-1) and 2.1 kg/cm® (GeoB
6730-1), with approximately 1/3 of this
values can be attributed to coral carbonate.
These values are rather low and the total
accumulation rates are even lower than in
the off-mound sediments.

This observation sheds some light on
Propeller Mound as an individual mound but
not on the sedimentation on carbonate
mounds in general. The comparison of off-
mound and on-mound sediment
accumulation in the Propeller Mound area
indicates that on a Late Pleistocene time
scale the mound is even shrinking relative to
the surrounding sediments, what is most
likely due to ongoing erosion on the mound.
However, there must have been a different
setting in the history of Propeller Mound,
otherwise it would not be a mound.

Coral growth on a mound is assumed to
increase also the sedimentation of
allochthonous material by creating a low-
energy micro environment among the corals
enhancing the deposition of suspended
material brought along by bottom currents
(Freiwald and Shipboard Party, 2002).
Indeed, the sediments deposited under such
conditions are noticeably finer grained than
those deposited in areas barren of corals
(Dorschel, unpubl. data). Thus, by the
contribution of coral material and an
enhanced amount of fine sediments, coral
growth on a carbonate mound should
significantly enhance total accumulation.



Seismic investigations in the near-by
Belgica Mound province in the eastern
Porcupine Seabight show that the carbonate
mounds must have grown extremely fast
during their initial stages, as it is indicated
by onlap and moat structures in the
surrounding sediments (Van Rooij et al.,
2003). Later during their development the
growth rate seems to have decreased.
Slightly to the north of the Hovland Mound
province, to which also the Propeller Mound
belongs, the final stage of carbonate mound
development can be seen. There in the
Magellan Mound province a huge amount of

carbonate mounds totally buried by

6. Conclusion

Extrapolating the results from Propeller
Mound, which has a carbonate content of
>50% with the carbonate to a significant
amount consisting of fragments of the cold-
water corals L. pertusa and M. occulata, to
other sea-floor structures called mounds in
the Porcupine Seabight an in the adjacent
regions, the term cold-water coral carbonate
mounds, or simply carbonate mounds,
seems to be well justified. Unfortunately,
the complex sedimentation and erosion
pattern on Propeller Mound prevent the
establishment of a quantitative carbonate
budget.
conclusions can be drawn. It is obvious that

However, some qualitative

7. References

De Mol B., Van Rensbergen P., Pillen S., De
Mol, B., Van Rensbergen, P., Pillen, S., Van
Herreweghe, K., Van Rooij, D., McDonnell,
A., Huvenne, V., Ivanov, M., Swennen, R.,
and Henriet, J.P. (2002) Large deep-water
coral banks in the Porcupine Basin,
southwest of Ireland: Marine Geology, v.
188, p. 193-231.

Freiwald, A., Henrich, R., and Patzold, J. (1997)
Anatomy of a deep-water coral reef mound

Appendix 7 — Carbonate Budget

sediments has been detected in seismic
surveys (Henriet et al., 1998; De Mol et al.,
2002; Huvenne et al., 2002).

In such a scenario also Propeller Mound
might fit in as it possibly represents a
carbonate mound at the turn from a (slow)
growing carbonate mound to a mound in the
stage of getting buried by hemipelagic
sediments. The lower accumulation
compared to the off-mound sediments
supports the conclusion that Propeller
Mound already entered the stage of decline
and if this development continues into the
future Propeller Mound will follow the fate
of the already buried Magellan Mounds.

the ~20% of coral carbonate found on the
mound are unique to these kind of structures
compared to the “normal” sea-floor around
them. In addition, it is very likely that the
corals act as a sediment buffer, thereby
adding another portion to the hemipelagic
background sedimentation. Thus, based on
the available data the netto effect of coral
growth on the accumulation of carbonate
mounds can be given with 15% + X. Future
analyses on carbonate mounds still being in
the growing phase will help to better
quantify their carbonate and their overall
sediment budget

from Stjernsund, West Finnmark, Northern
Norway. In: James, N.P., and Clarke, J.A.D.,
eds., Cool-Water Carbonates, Volume 56:
Tulsa, Oklahoma, U.S.A., SEPM, p. 141-
162.

Freiwald, A., Dullo, C., and Shipboard Party
(2000) Cruise Report RV POSEIDON Cruise
265, Thorshavn - Galway - Kiel, 13th
September - 1st October 2000, p. 65.

Freiwald, A. (2002) Reef-Forming Cold-Water

ATl



Appendix 7 — Carbonate budget

Corals. In: Wefer, G., Billett, D., Hebbeln,
D., Jgrgensen, B.B., Schluter, M., and
Weering, T.v., eds., Ocean Margin Systems.
Berlin, Heidelberg, New York, Springer
Verlag, p. 365-385.

Freiwald, A., and Shipboard Party (2002) Cruise
Report RV POSEIDON Cruise 292,
Reykjavik - Galway, 15th July - 4th August
2002, p. 84.

Grousset, F.E., Pujol, C., Labeyrie, L., Auffret,
G., and Boelaert, A. (2000) Were the North
Atlantic Heinrich events triggered by the
behavior of the European ice sheets?:
Geology, v. 28, p. 123-126.

Guo, Y., Davies, P.A., Cavatelli, A., and Jacobs,
P. (2000) Topography and stratification
effects on shelf edge flows: Dynamics of
Atmosphere and Oceans, v. 31, p. 73-116.

Henriet, J.P., De Mol, B., Pillen, S., Vanneste,
M., Van Rooij, D., Versteeg, W., Croker,
P.F., Shannon, P.M., Unnithan, V., Bouriak,
S., and Chachkine, P. (1998) Gas hydrate
crystals may help build reefs: Nature, v. 391,
p. 648-649.

Henriet, J.P., Guidard, S., and Team, O.P.
(2002) Carbonate Mounds as a Possible
Example for Microbial Activity in
Geological Processes. In: Wefer, G., Billett,
D., Hebbeln, D., Jgrgensen, B.B., Schluter,
M., and Weering, T.v., eds., Ocean Margin
Systems: Berlin, Heidelberg, New York,
Springer Verlag, p. 437-455.

Hovland, M., Croker, P.F., and Martin, M.
(1994) Fault-associated seabed mounds
(carbonate knolls?) off western Ireland and
north-west Australia: Marine and Petroleum
Geology, v. 11, p. 232-246.

Huvenne, V.A.IL., Blondel, Ph., Henriet, J.-P.
(2002) Textural analyses of sidescan sonar
imagery from two mound provinces in the
Porcupine Seabight: Marine Geology, v. 189,
p. 323-341.

Jansen, J.H.F., Van der Gaast, S.J., Koster, B.,
and Vaars, A.J. (1998) CORTEX, a
shipboard XRF-scanner for element analyses
in split sediment cores: Marine Geology, v.
151, p. 143-153.

Lindberg, B., Berndt, C., and Mienert, J. (subm.)
The Fuglgy Reefs on the Norwegian-Barents
Continental Margin: Cold-water Corals at
70°N, their acoustic signature, geologic,
geomorphologic and oceanographic setting.
In: Henriet, J.-P., and Dullo, W.-C., eds.,
Modern Carbonate Mound Systems: A

AT2

window to Earth History: Berlin, Heidelberg,
New Yorck, Springer.

Martinson, D.G., Pisias, N.G., Hays, J.D.,
Imbrie, J., Moore JIr., T.C., and Shackleton,
N.J. (1987) Age dating and the orbital theory
of the ice ages: development of a high
resolution 0 to 300 000-year chronostrati-
graphy: Quaternary Research, v. 27, p. 1-29.

Mortensen, P.B., Hovland, M., Brattegard, T.,
and Farestveit, R. (1995) Deep water
bioherms of coral Lophelia pertusa (L.) at 64
degrees on the Norwegian shelf: structure
and associated megafauna: Sarsia, v. 80, p.
145-158.

Nadeau, M.J., Schleicher, M., Grootes, P.,
Erlenkeuser, H., Gottolong, A., Mous,
D.J.W., Sarnthein, M., and Willkomm, N.
(1997) The Leibnitz-Labor AMS Facility at
the Christian-Albrechts University, Kiel,
Germany: Nucl. Instrum. Methods Phys.
Res., v. 123, p. 22-30.

Somoza, L., Gardner, J.N., Diaz-del-Rio, V.,
Véaquez, J.T., Pinheiro, L.M., Hernandez-
Molina, F.J., and TASYO/ANASTASYA
Shipboard Scientific Parties. (2002)
Numerous Methane Gas-related Sea Floor
Structures Identified in Gulf of Cadiz: EOS,
v. 83, p. 541+549.

Stuiver, M., and Reimer, P.J. (1993) Extended
"*C data base and revised CALIB 3.0 "C age
calibration program: Radiocarbon, v. 35, p.
215-230.

Stuiver, M., and Reimer, P.J. (1998) (revised
dataset): Radiocarbon, v. 40, p. 1127-1151.
van Andel, T.H., Heath, G.R., and M, T.C.

(1975) Cenozoic history and
paleoceanography of the central equatorial
Pacific Ocean: Geol. Soc. Am. Mem., v. 143,

p. 134.

Van Rooij, D., De Mol, B., Huvenne, V.,
Ivanov, M., and Henriet, J.-P. (2003) Seismic
evidence of current-controlled sedimentation
in the Belgica mound province, upper
Porcupine slope, southwest of Ireland:
Marine Geology, v. 195, p. 31-53.

Voelker, A.H.L., Sarnthein, M., Grootes, P.M.,
Erlenkeuser, H., Laj, C., Mazaud, A.,
Nadeau, M.-J., and Schleicher, M. (1998)
Correlation of marine '“C ages from the
Nordic Seas with the GISP2 isotope record:
Implications for radiocarbon calibration
beyond 25 ka BP: Radiocarbon, v. 40, p.
517-534.



Appendix 8 — Deglacial sweeping of a carbonate mound

APPENDIX 8

DEGLACIAL SWEEPING OF A DEEP-WATER
CARBONATE MOUND

Boris Dorschel ", Dierk Hebbeln ?, Andres Riiggeberg ¥, Wolf-Christian Dullo *

and André Freiwald ¥

" Dept. of Geosciences, Bremen University, 28359 Bremen, Germany
? MARUM — Center for Marine Environmental Studies, Bremen University, 28359 Bremen, Germany
3 GEOMAR Research Center for Marine Geosciences, Wischhofstr. 1-3, 24148 Kiel, Germany
¥ Institute of Paleontology, Erlangen University, 91054 Erlangen, Germany

submitted to

Nature

Abstract

Since their first detailed scientific description in 1994 (Hovland et al., 1994) the deep-water
carbonate mounds at the Celtic continental slope off Ireland received considerable scientific
interest (Henriet et al., 1998; Kenyon et al., 2002; van Weering et al., 2003; De Mol et al.,
2002). The almost exclusive occurrence of these mounds in hydrocarbon exploration areas
raised the question to what extent these mounds are related to escaping fluids or gases from
the sediments (Hovland et al., 1994; Henriet et al., 1998). An alternative hypothesis relates
these mounds, which rise up a few hundred meters above the surrounding seafloor (Kenyon et
al., 2002; De Mol et al., 2002), solely to environmental forcing, that supports the rich deep-
water coral ecosystems thriving on top of the mounds (Freiwald, 2002). Analyses of these
carbonate mounds were so far mainly based on seismo-acoustic studies (Henriet et al., 1998;
Hovland et al., 1994; van Rooij et al., 2003; Huvenne et al., 2003; van Weering et al., 2003),
with only a limited number of sediment samples being available (De Mol et al., 2002; Coles et
al. 1996). Here we present the first detailed stratigraphic analysis of Late Quaternary sedi-
ments recovered from a carbonate mound in the Porcupine Seabight (Fig. A8) indicating that
its top sediment sequence is characterised by numerous hiatuses. These are most likely related
to sweeping of the mound in turn with the re-establishment of interglacial circulation patterns
and strongly point to environmental forcing as the dominant mechanism shaping deep-water
carbonate mounds during the Late Quaternary.
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Here we focus on Propeller Mound which
belongs to the Hovland Mound Province,
one of the three mound provinces found in
the Porcupine Seabight (Van Rooij et al.,
2003) (Fig. A8). While the Belgica Mounds
in the eastern and the Hovland Mounds in
the northern Porcupine Seabight form large
conical or composite elevations above the
seafloor, the Magellan Mounds found
slightly northward of the Hovland Mounds
are totally buried by sediments (De Mol et
al., 2002). Propeller Mound has been sam-

pled with three so-called on-mound sedi-
ment cores, while an additional off-mound
sediment core has been collected from a
reference site at the normal seafloor in the
neighbourhood of Propeller Mound.
(Fig. A8). While the off-mound core con-
sists of typical hemipelagic sediments re-
flecting the background sedimentation, the
on-mound cores additionally contain on
average 5-18 % of coral fragments, with
core sections totally barren of corals being
very rare (Appendix 7).

Figure A8. Overview map showing the area of Propeller Mound, a deep-sea carbonate

mound, in the Hovland mound province. The positions of the investigated on-mound sedi-

ment cores (stars) and the off-mound core (dot) are indicated. The total length of the scale
bar corresponds to 500 m and the depth contours are given in meters. The inset shows the
position of the Hovland (H), the Magellan (M) and the Belgica (B) mound provinces in the
Porcupine Seabight (PS) in the North Atlantic off Ireland.
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For the off-mound core stable oxygen
isotope data, obtained on the benthic fora-
minifera Cibicides sp., display a typical re-
cord reaching slightly further back than the
last glacial maximum (Fig. A9). This inter-
pretation is corraborated by a detailed cor-
relation using Ca-records to two nearby
cores dated by "“C (Appendix 7) indicating
that the off-mound core represents a rather
continuous paleoenvrion-mental record cov-
ering the last ~27 kyr. According to exten-
sive AMS "C and U/Th dating the on-
mound sediments reach back to >250 kyrs
(Fig. A9), thereby only providing strongly
condensed or fragmentary sections com-
pared to the off-mound setting. The different
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ages at the top of the on-mound cores as
well as the varying and comparatively low
inferred sedimentation rates of the individ-
ual core sections point to the presence of
numerous hiatuses in these records. As such
hiatuses occur in all three on-mound cores,
they seem to be typical for Propeller Mound
and probably also for other carbonate
mounds. Thus, the key to understand the
long-term development of Propeller Mound
in particular and of similar carbonate
mounds in general through the last several
100 kyrs is to unravel the processes causing
these hiatuses.

Figure A9. Stable oxygen isotope (8'°0) data from the on-mound and off-mound sediment
cores from the Propeller Mound area, northern Porcupine Seabight. The §'°O data have been
analysed on ~5 individuals of the benthic foraminifera Cibicides sp. following standard pro-
cedures (Hebbeln et al. 2002). The age assignments have been taken from Dorschel et al.
(Appendix 7). Dark and light shaded signatures indicate the range of typical glacial (>3 %o
PDB) and interglacial (<2 %o PDB) 8'°0 values, respectively.
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A closer look at the on-mound core GeoB
6730-1 reveals that these hiatuses, most of
them indicated by sudden shifts in the § '*O
data, are characterized by distinct peaks of
coarse (>250 um) lithic grains (Fig. A10). In
the Porcupine Seabight such coarse grains
almost exclusively reach the sea-floor as ice
rafted detritus (IRD) during glacial times, as

indicated by the continuous presence of IRD
in the glacial section (>1.4 m core depth) of
the off-mound core GeoB 6718-2
(Fig. A10). The concentration of this coarse
material in distinct layers in the on-mound
core GeoB 6730-1 points to winnowing as
an important factor contributing to the gen-
eration of the hiatuses.

Figure A10. Grain size and 8'°O from an on-mound and an off-mound sediment core from the
Propeller Mound area, northern Porcupine Seabight. Grain-size analyses revealed that peaks
in the >250 pm fraction, sieved from a decalcified sample, are often associated with jumps in
the 8'°O records (shaded curves). These peaks are interpreted to reflect hiatuses, indicated by
the wavy line. Continuously high proportions of the >250 ym fraction, as found in the glacial
section of off-mound core GeoB 6718-2, are typical for IRD-bearing sediments. The mode of
the 0-160 pym fraction, obtained by standard procedures using a Coulter laser particle sizer
(Van den Bergh et al., 2003), has been determined for the terrigenous, carbonate-free portion
of the sediments. High modes are assumed to reflect strong bottom currents and vice versa.
As not all individual samples have a clear unimodal grain size distribution also the whole
grain size spectra (0-160 pym) for the samples are shown with the respective modes are indi-
cated by black dots.
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Another hint to the processes causing the
hiatuses is provided by the & '*O data. The
off-mound core shows that in the northern
Porcupine Seabight full-glacial sediments
are characterized by 8"°O values >3.5 %o
PDB, while Holocene interglacial 8 '*O val-
ues are below a threshold of <2 %0 PDB
(Fig. A9). The two excursions to heavy val-
ues in the Holocene sequence of GeoB
6718-2 are most certainly due to bioturba-
tion, transferring the dominantly glacial
foraminifer C. kullenbergi into the Holocene
sequences (Chapter 3).

Using the 8'°0 boundaries defined by the
off-mound core (interglacial <2 %o PDB;
glacial >3.5 %o PDB), the preserved on-
mound sediment intervals show that hardly
any full-glacial nor full-interglacial signals
are preserved on Propeller Mound (Fig. A9).
Only in core GeoB 6730-1 the top 53 cm are
characterised by a clearly interglacial signal
(<1.6 %0 PDB) and the interval 133-163 cm
reveals slightly heavier, glacial values
(3.0-3.4 %0 PDB). Thus, at all three on-
mound sites almost only interstadial se-
quences with & '*O values mostly between 2
and 3 %o PDB are preserved and almost all
full-glacial and full-interglacial sediments
either have not been deposited or must have
been removed after deposition.

Under recent — interglacial — conditions,
the dominant water mass interfering with the
carbonate mounds in the Porcupine Seabight
is the contour-following branch of the
Mediterranean Outflow Water (MOW)
(White, subm.). Among the carbonate
mounds in the Porcupine Seabight rather
high current velocities of > 20 cm s (D.H.,
unpubl. data) are reflected in typical bed-
forms associated with strong bottom cur-
rents as e.g. dunes, sand waves and gravel
ridges, which prevail around the carbonate
mounds in large parts of the Porcupine
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Seabight (Akhmetzhanov et al. 2001, Beyer
et al., 2003; Kenyon et al., 1998).

In an extensive study of cold water coral
occurrences along the entire Atlantic margin
of Europe Freiwald (2002) concluded that
most cold water corals in this region are
confined to the MOW. This environment is
probably associated with a relatively good
food supply for these corals (Freiwald,
2002) which might be related to an accu-
mulation of sinking particles on the pycno-
cline between the dense MOW and the
overlying Eastern North Atlantic Water
(ENAW, White, subm.). In addition, internal
tidal currents, trapped waves and baroclinic
motions intensified at the pycnocline re-
ported from this region (White, subm.)
might further increase food availability for
the corals by repeated pumping of particles
through the coral thickets.

However, under glacial conditions with a
sea-level lowered by ~120 m the exchange
between the Atlantic and the Mediterranean
through the narrow Strait of Gibraltar was
significantly reduced. The density-defined
flow path of the MOW was quite different
under the conditions of the Last Glacial
Maximum (LGM) and it did not reach fur-
ther north than 40°N (Schonfeld and Zahn,
2000).

The absence of the MOW in the Porcu-
pine Seabight during glacial times changed
the whole environmental setting in the
mound provinces. Detailed analyses of the
grain-size distribution of the <160 ym frac-
tion, which is already highly susceptible to
bottom current strengths of >20 c¢cm s, in
the off-mound core revealed much finer
sediments under glacial conditions com-
pared to the prevailing interglacial
(Fig. A10), implying that the bottom cur-
rents in the mound provinces were much
weaker, i.e. slower, ~20 kyr ago than today.
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Enhanced deposition of fine-grained terrige-
nous material (associated with some IRD) as
well as reduced bottom current activity re-
sult in a rather unfavourable setting for the
corals (Freiwald, 2002).

In addition, due to the replacement of the
MOW and the ENAW by a homogenous
water mass termed Glacial North Atlantic
Intermediate Water (GNAIW) (Manighetti
and McCave, 1995) the pycnocline sup-
porting the food supply for the corals was
absent. Thus, these oceanographic changes
had a profound impact on the living condi-
tions for the cold water corals and on the
sedimentary setting on the carbonate
mounds. Actually, up to now for no coral
fragment form the Celtic margin an LGM
age has been obtained, indicating that under
fully glacial conditions no corals lived in
this region. Thus, there also have been no
coral fragments to stabilise the fine-grained
sediments deposited under such conditions
(Fig. A11).

In the course of deglaciation, in turn with
the rising sea-level, the MOW regains its
present characteristics and begins to sweep
the mound provinces in the Porcupine
Seabight. Especially on the carbonate
mounds, where the currents are focused as
indicated by numerous moats around the
mounds (Van Rooij et al., 2003, De Mol et
al., 2002), the unstabilised fine-grained
sediments deposited under glacial conditions
were easily winnowed (Fig. A11). Depen-
ding on the current strength only parts of the
sediments can be winnowed with especially
the coarsest material being accumulated as a
lag sediment. At Propeller Mound these lag
sediments, characterised by high amounts of
coarse fragments (Fig. A10), indicate the
position of the hiatuses attributed to the re-
establishment of the regional MOW circula-
tion. Actually, also the off-mound sediments
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seem to have experienced some winnowing
during the last deglaciation, as indicated by
a hiatus in our off-mound core at the re-
spective core depth (Fig. A10).

Moreover, outcropping hardgrounds at
the flanks of Propeller and other mounds
observed during dives of remotely operated
vehicles (ROVs) provide clear evidence for
flank erosion. It is assumed that this flank
erosion can result in slope failure and sub-
sequent mass wasting (Fig. A11), which is
indicated by (a) the high spatial variability
of the mound sediments hampering any cor-
relation among the on-mound cores, (b) the
rather old ages at the top of the two flank
on-mound cores GeoB 6728-1 and 6729-1,
and (c) the rare occurrence of dropstones on
the mounds compared to the dropstone
pavement found at their base (A.F., unpubl.
data).

After the removal of glacial sediments
from the mounds down to a level where cor-
als again stabilised the sediments, the con-
tinuous presence of a strong interglacial
MOW hampered the deposition of fine in-
terglacial sediments at most parts of the
mound, while coral growth was supported
(Fig. A11). Baffling of some fine material
among the corals may have taken place un-
der such conditions, but continuous deposi-
tion of fine material was mostly restricted to
interstadials, as indicated by the 8 '*O data.
Thus, the best conditions for real mound
growth probably existed during interstadials,
when the interplay between bottom current
strength, availability of coral framework and
probably some coral growth and
hemipelagic sedimentation produced those
sediment sequences still preserved at Pro-
peller Mound.

Through the last 300.000 years the netto
sedimentation on Propeller Mound is by far
lower compared to the surrounding off-
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mound sediments. Thus, at least over this Mound will get buried and follow the fate of
time span the mound is shrinking relative to the already buried near-by Magellan
the seafloor around it and if this develop- Mounds.

ment continues into the future, Propeller

Figure A11. Model for the Late Quaternary development of Propeller Mound and probably
other deep-water carbonate mounds in the NE-Atlantic. The four stages (a-d) describe the
temporal sequence of different settings mainly forced by the presence/absence of the Mediter-
ranean Outflow Water and the resulting variations in bottom current strengths, indicated by
the arrow size. Y — corals, W — winnowing, MW — mass wasting, DP — drop stone pavements
in the moats, 1 — carbonate mound at begin of the sequence, 2 — interstadial sediments, 3 —
glacial sediments, 4 — interglacial sediments.
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In addition, these results also shed some
light on the long-term development of the
deep-sea carbonate mounds. A recent model

(Henriet et al. 2002) for the development of

such carbonate mounds differentiates be-
tween (a) a trigger stage, during which a

solid substratum for the initial settling of

coral larvae is formed, (b) a booster stage,
representing a period of fast mound growth
as indicated by on-lapping sediment layers
in the surrounding drift sediments (Van
Rooij et al. 2002), (c) a coral bank stage
reflecting a mature carbonate mound and (d)
a burial stage, when mound growth cannot
keep pace with hemipelagic sedimentation
around the mound. The pure size of the car-
bonate mounds testifies a phase of rapid
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