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Abstract

Carbonate mounds appear to be an important feature along the European
North-Atlantic margins. The presence of giant carbonate mounds in Por-
cupine Seabight, on Porcupine Bank, in Rockall Trough and on Rockall
Bank, W of Ireland is already known since the nineties (Hovland et al.
1994; Henriet et al. 1998; De Mol et al. 2002; Huvenne et al. 2002, 2003;
van Weering et al. 2003). These mounds have been the target of several
cruises during the last decade. An exploratory cruise of R/V Belgica in
2002 off Larache (Morocco, Gulf of Cadiz) has led to the discovery of
similar mound structures topping ridges and structural heights (Foubert et
al. subm.). Because of their unique setting (focused fluid seepage, mud
volcanoes), also the carbonate mound sites on the Moroccan margin be-
come rapidly involved in a developing stage of focused multidisciplinary
research. Scientific campaigns, industrial surveys and extensive mapping
studies reveal each year new mound structures. However, the processes of
mound build-up and mound nucleation are not yet completely understood.
What keeps a mound growing over extended time periods? How does the
biosphere interact with sedimentary fluxes to make a mound grow? On
which level do palaeoclimatological and palaeoceanographic changes con-
trol mound growth? Which diagenetic processes play an important role in
carbonate mound generation and how do they affect the mound?

The principal aim of the present study is twofold, focusing in a first
phase on the nature of the carbonate mound record, and discussing in a
second phase its significance. The nature and internal structure of one spe-
cific carbonate mound, i.e. Challenger Mound, is successfully unveiled.
The mound is built from top to bottom of cold-water coral fragments em-
bedded in an alternating biogenic (carbonate-rich) to terrigenous (silici-
clastic) matrix. This creates a cyclicity which is considered to be driven by
glacial-interglacial changes. Magnetostratigraphy and datings show that
the mound started to grow between ~2.70 and ~2.50 Ma. It is nowadays in
a stage of decline.

In a second phase, the significance of the carbonate mound record is
discussed. The comparison of the top of Challenger Mound with another
mound in Porcupine Seabight reveals that even on a regional scale, differ-
ent mounds have different characteristics. Video imagery through Re-
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motely Operated Vehicle (ROV) surveys, providing images of the surface
of different carbonate mounds, substantiates the above statement. Small
mound structures are occurring between the giant mounds and "dead"
mounds are flanked by "live" mounds. The carbonate mounds on the Mo-
roccan margin occur in a different oceanographic and geological setting
than the mounds along the Irish margin. So, a wide variety of mounds oc-
cur in a wide variety of settings. This calls for an appropriate classification
for recent carbonate mound systems and cold-water coral reefs. The role of
recent carbonate mounds, such as Challenger Mound, in the global carbon-
ate budget is discussed and appears to be significant but not extraordinary.
The way recent carbonate mounds can be seen as analogues of ancient
mud mound systems is a whole study on itself. However, at first sight,
some significant differences are noted.
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Dit doctoraatsonderzoek ontwikkelde zich in het licht van een aantal
hedendaagse internationale en Europese projecten met als centraal
onderzoeksthema koudwaterkoralen, koudwaterkoraalriffen en de
enigmatische relatie tussen koudwaterkoralen en heuvelachtige
carbonaatstructuren. Het voorgestelde doctoraatsonderzoek spitst zich
specifiek toe op de aard en de relevantie van recente carbonaatheuvels die
zich vandaag de dag situeren langsheen de Europese en Noord-Afrikaanse
continentale randen. Verscheidene namen zijn gesuggereerd in het
verleden om de bestudeerde carbonaatheuvels te benoemen. In het huidige
onderzoek opteerde men voor de term ‘carbonate mound’ als zijnde een
goede en summiere omschrijving van dergelijke heuvelachtige en op het
eerste zicht carbonaat-rijke structuren.

Het centrale thema is de ontrafeling van de interne opbouw en structuur
van Challenger Mound (de "Challenger Mound Code"), een “carbonate
mound" gelokaliseerd in Porcupine Seabight ten zuidwesten van lerland.
Challenger Mound behoort tot een cluster van mounds: de Belgica Mound
provincie. Deze lokaliseert zich op de oostelijke rand van het Porcupine
bekken en bestaat uit 66 mound structuren (De Mol et al. 2002). Talrijke
onderzoekscampagnes gedurende het laatste decennium leverden een schat
aan data en informatie over de Belgica Mound provincie: van seismische
data, over multibeam and sidescan sonar records tot kernen en
videobeelden. Challenger Mound werd voor het eerst gevisualiseerd en
beschreven op seismische datasets door Henriet et al. (2002). Het betreft
een conische, langwerpige heuvelstructuur, 150 m hoog, met de top
gelokaliseerd op een waterdiepte van 790 m. Videobeelden, bekomen met
behulp van gesofistikeerde onderwatervideo-apparatuur en "ROV's"
(Remotely Operated Vehicles of onderwaterrobots), onthulden dat het
oppervlak van Challenger Mound grotendeels bedekt is met dode
koudwaterkoraalfragmenten (Foubert et al. 2005a; Wheeler et al. 2005b).
Een gedetailleerde studie van kernen, verworven tijdens de campagne
genaamd "Géosciences 123" (september 2001, onderzoeksschip Marion
Dufresne), ontsluierde een topje (i.e. de bovenste 12 m) van de interne
samenstelling van Challenger Mound (Foubert et al. 2007). De diepe
inwendige structuur bleef echter nog steeds onontgonnen. Gedurende
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IODP (Integrated Ocean Drilling Program) Expeditie Leg 307 "Modern
Carbonate Mounds: Porcupine Drilling™ in april 2005 aan boord van het
onderzoeksschip JOIDES Resolution, werd voor de eerste maal in de
geschiedenis van het recente mound onderzoek een carbonaatheuvel of
"carbonate mound”, zijnde Challenger Mound, dieper aangeboord. Dit
bleek een enorme stap vooruit in het recente "carbonate mound"
onderzoek. Het waardevolle onderzoeksmateriaal bekomen tijdens deze
expeditie, vormt dan ook de leidraad doorheen de eerste drie hoofdstukken
van dit doctoraatswerk. Op Challenger Mound zelf werden vijf kernen
gerecupereerd, waarvan er vier zijn weerhouden voor een intensieve studie
in dit doctoraatsonderzoek (Holes U1317A, U1317B, U1317C en
U1317E). Twee extra sites, respectievelijk gelegen hellingopwaarts (Site
U1318) en hellingafwaarts (Site U1316) van Challenger Mound, werden
aangeboord om Challenger Mound te kunnen plaatsen in een omringende
sedimentaire en stratigrafische context. Ook deze "off-mound" sites (Hole
U1316A en Hole U1318B) worden kort besproken in dit doctoraatswerk.

Zowel traditionele technieken als geavanceerde beeldtechnologie (0.a.
X-stralen computer tomografisch onderzoek) werden gebruikt om de
lithologie en de samenstelling van Challenger Mound te visualiseren en
beschrijven. Challenger Mound bestaat uit een facies dat het best kan
omschreven worden als koudwaterkoraalfragmenten, voornamelijk het
species Lophelia pertusa en in kleinere mate de species Madrepora
oculata en Desmophyllum cristagalli, ingebed in een alternerende
lichtgrijze, biogene en carbonaat-rijke tot grijze terrigene, siliciclastische
matrix. De terrigene sedimenten worden vooral gedomineerd door
kleimineralen (illiet, kaoliniet en chloriet), kwarts en secundaire
abundanties van plagioklaas en kaliumveldspaat. De biogene sedimenten
zijn voornamelijk geidentificeerd als coccolietenslib en andere micro-
bioclastische fragmenten (foraminiferen, sponsnaalden, echinoderma,
bivalven, gastropoden). De kwantiteit aan koudwaterkoraalfragmenten
varieert doorheen de bestudeerde kernen en de fragmenten vertonen
verregaande oplossingsverschijnselen. De sedimenten die Challenger
Mound omringen worden vooral gekarakteriseerd door siltige klei met
intercalaties van enkele zandige intervallen. De "off-mound" sedimenten
kunnen geinterpreteerd worden als driftsedimenten afgezet gedurende
extensieve glaciaties. De zandige intercalaties zijn waarschijnlijk afgezet
tijdens interglacialen of interstadialen, waarbij een meer erosief
stromingsregime, mogelijks geinduceerd door het MOW (Mediterrane
Outflow Water), actief was in Porcupine Seabight.

De meest opvallende eigenschap van Challenger Mound is zijn
cyclische record, vooral merkbaar in de geochemische en geofysische
eigenschappen en veroorzaakt door de cyclische alternatie van ijzer- en
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klei-rijk terrigeen (siliciclastisch) materiaal en biogene, calcium-rijke
sedimenten. De beschreven cyclische alternatie kan de uiting zijn van
glaciaal-interglaciaal variaties die de noordelijke hemisfeer kenmerken
sinds het begin van het Quartair. Vroege differentiéle diagenese laat zijn
sporen na in Challenger Mound, vooral onder de vorm van koraaloplossing
en de genese van semi-gecementeerde horizonten. Dit effect van diagenese
is in het bijzonder merkbaar in de calcium-rijke intervallen. Merkwaardig
is de enorme graad van oplossing in vergelijking met slechts een geringe
graad van cementatie.

Magnetostratigrafisch onderzoek maakte het mogelijk Challenger
Mound in zijn stratigrafisch kader te plaatsen. Een evolutiemodel is naar
voor geschoven voor de ontwikkeling van Challenger Mound en zijn
omringende sedimenten. De sedimenten gerecupereerd ter hoogte van de
"off-mound" Site U1318, lieten toe de ontwikkeling van de oostelijke rand
van het Porcupine bekken te bestuderen, vooraleer "carbonate mounds"
deze continentale rand begonnen te koloniseren. De sedimenten onder de
erosieve discontinuiteit, die algemeen geinterpreteerd is als de
moundbasis, hebben een Laat Burdigliaan (Chron C5Cn.3n; 16.70 Ma) tot
Laat Serravaliaan (C5An.1n; 12.01 Ma) ouderdom en zijn afgezet tijdens
het "Middle Miocene Climatic Optimum” en de daaropvolgende
afkoelingsfase (~13.60 Ma). De initiéle groeifase van Challenger Mound
begon tussen ~2.70 en ~2.50 Ma, wat overeenkomt met de start van
glaciaal-interglaciaal variaties in de noordelijke hemisfeer. De extensieve
fase van mound groei vond plaats in twee belangrijke episoden: (1) een
dominerend verticale groei-episode tussen ~2.60 and ~2.00 Ma, en (2) een
groei-episode van ~2.00 tot ~1.60 Ma, gekenmerkt door een laterale
expansie van de mound. Verscheidene factoren wijzen op het feit dat de
mound in een eerste stadium van verval raakte rond ~1.00 Ma om een
definitief stadium van verval te bereiken rond ~500 ka. De ommekeer naar
intensieve en langdurende glaciaties gedurende de Mid-Pleistocene
Revolutie (MPR) speelde hierbij vermoedelijk een belangrijke rol.
Extensieve sedimentatie in de "off-mound” gebieden begon rond hetzelfde
tijdsinterval, respectievelijk ~475 ka en ~550 ka ter hoogte van Sites
U1316 en U1318.

In een tweede luik van dit doctoraatsonderzoek werd op zoek gegaan
naar de relevantie en de significantie van de bestudeerde "carbonate
mound" record. De top van Challenger Mound is vergeleken met de top
van Mound Perseverance, een "carbonate mound" gelokaliseerd in de
Magellan Mound provincie aan de noordelijke rand van Porcupine
Seabight. Beide mound records vertonen duidelijke verschillen inzake
koraalgroeifasen. Dit suggereert dat zelfs op regionale schaal, schijnbaar
vrij identieke moundstructuren verschillende evolutieve fasen kunnen
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ondergaan. Een opmerkelijk effect is waargenomen bij de studie van de
oppervlakte-processen die zich momenteel ter hoogte van de "carbonate
mounds" afspelen. Kartering met videobeelden toont aan dat mounds
gekenmerkt door en bedekt met actieve koraalgroei geflankeerd worden
door mounds bedekt met enkel dode koraalfragmenten, zonder spoor van
levende koralen en dit binnen een straal van 4 km. Het voorkomen van
kleine moundstructuren tussen de grotere "carbonate mounds" in de
Belgica Mound provincie kan geinterpreteerd worden als een uiting van
gestresseerde koraalgroei. Verscheidene facetten wijzen erop dat de
mounds in de Belgica Mound provincie zich vandaag de dag in een niet-
actieve groeifase bevinden. Slechts een vijftal mounds zijn momenteel
gekenmerkt door de aanwezigheid van levende koralen en dus actieve
koraalgroei en waarschijnlijke actieve mound opbouw. Vermoedelijk
spelen versterkte semi-diurnale getijdestromingen een belangrijke rol in de
opbouw van deze mounds en in de stimulatie van koraalgroei. Een nieuwe
moundprovincie is bestudeerd ter hoogte van de Marokkaanse rand in "El
Arraiche Mud Volcano Field" en toont aan dat "carbonate mounds"” ook
kunnen ontwikkelen in een oceanografische en geologische context totaal
verschillend van deze waargenomen ter hoogte van de lerse rand.

De rol die recente “carbonate mounds™ zoals Challenger Mound spelen
in het globale carbonaatbudget is bediscussieerd en blijkt significant maar
niet uitzonderlijk. Het gemiddelde carbonaatgehalte van Challenger
Mound bedraagt ~49.60%, waarvan gemiddeld ~17% aragoniet afkomstig
van koudwaterkoraalfragmenten. Hoe recente "carbonate mounds" als
analogen van Palaeozoische mud mound systemen beschouwd kunnen
worden, is een onderzoeksthema op zich. Maar vooraleer een dergelijke
vergelijkende studie kan doorgevoerd worden, moeten in eerste instantie
duidelijke classificatiesystem voor recente "carbonate mounds” en
koudwaterkoraalconstructies in verschillende settings opgesteld en verder
bestudeerd worden.
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"*J’ai voulu expliquer I’océanographie que j’aime"
(Jean-Frangois Minster, La Machine-océan)

"Ocean research is a lot like climbing a new route to the top of a mountain.
Every time you go out to sea there’s something new. | enjoy that aspect of
both — the unpredictability of the mountains and the bottom of the sea.
Besides, neither place is very crowded", said geologist and oceanographer
Charles Davis Hollister once. | can fully endorse this statement. Climbing
up a mountain or being out at sea is indeed a great feeling and the striking
parallelism between both experiences is amazing. Climbing up a carbonate
mound is tough but once you reach the top it is an indescribable moment
of delight. Trying to look into a mound is even more difficult but the se-
crets that such carbonate structures hide are unbelievable and more than
worth digging into this matter. | could never have experienced all these
moments if | have not had a strong rope, various anchor points, and a sta-
ble platform to lead and help me during my search for the secrets behind
these strange carbonate structures occurring in the deep blue. Thanks a lot
to all the people who were just walking along my way, never giving up in
supporting me and always giving me a pat on the back or whispering some
encouragement.

In the first place, | would like to mention my supervisor and coach Prof.
Dr. Jean-Pierre Henriet. His triggering enthusiasm proved infectious.
Without his perseverance, carbonate mound research was not as far as it is
nowadays. He prepared the way for many young scientists and involved
them in the world of carbonate mound research. His support and encour-
agement during my research were great. Having discussions with him was
sometimes intense but always more than instructive. He gave me a lot of
possibilities to discover the world of carbonate mounds in all its aspects
from the Arctics to Morocco, and from scientific meetings and workshops
over research campaigns to classrooms.

During the last four years, | had the possibility to explore literally the
whole carbonate mound world and community. | would like to acknowl-
edge all the people who offered me a home-feeling all over the world, who
supported me during hours of measurement time, and who helped in build-
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ing up the extensive data set presented in this study. It has to be mentioned
that this study is the result of teamwork and as each cog has its important
function in a machine, each person involved in mound research has his or
her important role in unveiling the secrets of carbonate mounds.

Prof. Dr. Joseph Hus is thanked for the possibility to use the palaeo-
magnetic measurement infrastructure at the Geophysical Centre of the
Royal Meteorological Institute in Dourbes and for his excellent support
during the measurements. Dr. Veerle Cnhudde introduced me in the world
of computer tomographic scanning and had the patience to learn me the
details of image analysis. Dr. Dierk Hebbeln offered me several times the
possibility to use the excellent infrastructures available at the University
Bremen (from cutting and freezing samples to extensive XRF scanning).
Thanks to Prof. Dr. Tjeerd Van Weering the XRF CORTEX scanner in-
stalled at the Netherlands Institute for Sea Research (N10OZ) could be used.
Rineke Gieles helped me intensively during my stay on the Dutch island
Texel, from providing nice meals to excellent support during the XRF
measurements. During the academic year 2004-2005, Erlangen University
became a kind of second home place. Thanks a lot, Prof. Dr. A. Freiwald,
to host me so many times at your institute specialized in carbonate re-
search, to show me the way towards the CT-scan facilities of Siemens, and
to teach me to enjoy real German barbecues.

The whole scientific team and the IODP and Transocean crews aboard
the R/V JOIDES Resolution on IODP Expedition Leg 307 are acknowl-
edged. The data collected during this expedition form the key data set of
this work. It was a fantastic experience to participate as palaeomagnetist in
one of the biggest drilling programmes in science. In particular, Yuji
Fuwa, Klayton Curtis, Margaret Hastedt and Trevor Williams are thanked
for their palaeomagnetic help aboard the R/V JOIDES Resolution. Besides
IODP Expedition Leg 307, a whole range of scientific expeditions was tak-
ing place during the last years with as main topic the study of carbonate
mounds and cold-water coral reefs. Thanks to mound-networking, | had
the possibility to participate in a lot of these expeditions. In this way, |
would like to thank all the people who gave me these possibilities to
broaden my horizons, and especially the scientific shipboard parties of the
Géosciences 123 cruise aboard the R/V Marion Dufresne in September
2001, the Polarstern ARK/XI1X3a cruise in June 2003, the GAP (SO 175)
cruise aboard the R/V Sonne in December 2003, the M61/3 campaign
aboard the R/V Meteor in June 2004, the Poseidon 325 expedition in July
2005 and the series of expeditions aboard the R/V Belgica in 2003, 2004,
2005, and 2006.

My port of registry during the last years was RCMG, and | would like to
thank all the inhabitants of RCMG for the nice time spend together. Deevit
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introduced me to the Porcupine Seabight and all kind of drift stories. Davy,
my office mate during the last years, and Lieven, my previous office mate,
created always a nice working atmosphere in the office and endured my
endless phone calls or discussions. Peter helped me through all kind of
problems at the interface between science and engineering, from swell-
filtering seismic data sets over time series analysis to multibeam problems.
Our "project” and "support” manager, Marc Faure, was an expert in solv-
ing (A)SAP problems, sorting out financial chaos and administrative prob-
lems and this always with a big smile. The engineers, Koen and Jeroen,
were always there to sort practical things out, from sending boxes and ar-
ranging vans to the technical developments of the new ROV GENESIS.
Wim solved each computer problem. The North-Sea women (Vera, Els,
Kristien, and Isabelle) and former North-Sea man (Samuel) gave me useful
advice concerning box coring, grain size analysis and sediment dynamics.
Pieter liked intensive discussions and was supporting new ideas concern-
ing carbonate mounds. Tist noticed each new scientific outcome and pro-
vided me with some nice references. Hans, a new-comer at RCMG, helped
me with the magnetic measurements in Dourbes and his nice West-
Flemish sounds will be remembered. Thanks also to the MSc students,
who did parts of their work in the neighbourhood of the carbonate mounds:
Annelies, Heleen and Mieke. | also would like to thank all the other
RCMG colleagues for the nice moments and chats around the kitchen table
and the great cake-and-party-hours.

While roaming around the world, | got introduced to the international
"carbonate mound-clan™ for young scientists, which is still growing and
expanding each year. Thanks a lot Boris, Andres, Tim, Veerle, Ben, Juer-
gen, Max, Claudia, Morten, Henk and the whole bunch (and this is not
meant as "ach kwatsj"!). | could always phone or mail you with new ques-
tions or discussion topics. Without you, mound research was not what it is
nowadays! Especially, a more than "big" thank you for my "sister-soul"
Veerle. She was standing behind me since the start of my work at RCMG
as undergraduate until the end, was always there for nice discussions or
just a chat and made it to read carefully through this PhD work by giving
helpful and constructive comments. And last but not least, Tim, you be-
came through the years a real "soul-mate" and without you | never made it
to finish this work. Thousand times thanks to support me day-in-day-out! |
really can't find the right words how to thank you in an appropriate way:
XXXXX XXX!

Each globetrotter has its roots and | never forgot my "home-place"
wherever | was crossing around. Family and friends, you can not survive
without! Always there were friends to play some music, go for a climb or a
mountain bike trip, have a nice chat or sit together around a party game.
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My two sisters, Katrien and Marjan, gave me the right "pep-talk" espe-
cially during the last weeks of "isolation". My parents and grand-parents
provided a safe and cozy home-place where | was welcome at each time of
the day or night. Whenever or wherever | was in troubles, they saved me
from the crisis situation by arranging everything, from airport-shuttle-
services to food-supply. Thanks mum, for all your presence and the sur-
vival food packages during the last weeks! Thanks dad, for having tried to
understand what | was doing during the last years and for giving me on the
right moments your positive and constructive criticism from a professional
teacher's viewpoint...;-).... Godfather pepe, | appreciated it enormously
that you were interested in my research work and that I could always come
to see you for a serious talk...

FWO-Flanders is sincerely acknowledged for funding my research dur-
ing the last four years, and therefore raising the anchor of this research
project focusing on carbonate mounds.

Gent, March 2007

Anneleen Foubert
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1 Of mounds and cold-water corals

During the last 15 years, occurrences of large mound clusters have in-
creasingly been reported along the European continental margins. These
mound structures are in many cases covered with cold-water corals, sug-
gesting an enigmatic relationship between cold-water coral growth and
the development of such mounds. The growth of cold-water corals and the
origin of recent deep-water carbonate mounds was a heavily debated sub-
ject during the last decade. Different theories were invoked concerning
cold-water coral growth and the development of carbonate mounds. Two
main schools developed to explain the origin of recent cold-water coral
reefs and carbonate mounds. One school is mainly based on internal con-
trols whereby light hydrocarbon seepage would play an important role in
the initial phase of reef and mound growth (Hovland et al. 1990, 1994,
1998; Hovland and Thomsen 1997; Henriet et al. 1998, 2001). The second
school relies on the impact of external and environmental controls, such as
favourable oceanographic conditions, on cold-water coral growth and so
mound build-up (Freiwald et al. 1997, 1999; Freiwald and Wilson 1998;
Mortensen 2000; De Mol et al. 2002; Duineveld et al. 2004).

A cluster of European research programmes were set up in the wake of
these debates. Under the EU concerted action CORSAIRES and the EU
project ENAM Il (European North Atlantic Margin), the base was laid for
recent mound and cold-water coral research in some well-delineated ar-
eas. Within the EU 5" framework programme, a first clustered triptych of
EU projects was born;: GEOMOUND, ECOMOUND and ACES, focusing
respectively on the internal controls on mound build-up, on the external
and environmental controls on mound development and on the Atlantic
coral ecosystems. These projects teamed up to propose a major Ocean
Drilling Program action: the "Modern Carbonate Mounds: Porcupine
Drilling™ project. In 2005, this drilling proposal turned into reality during
Integrated Ocean Drilling Program (I0DP) Expedition Leg 307 "Modern
Carbonate Mounds: Porcupine Drilling" aboard the R/V JOIDES Resolu-
tion. Mound research was continued within the FP5 Research and Train-
ing Network EURODOM and the ESF EUROMARGINS project
MOUNDFORCE (Forcing of Carbonate Mounds and Deep Water Coral
Reefs along the NW European Continental Margin). Under the EU 6"
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framework programme, a new impetus to cold-water coral and carbonate
mound research was given in the integrated research project HERMES
(Hotspot Ecosystem Research on the Margins of European Seas). The
ESF-funded EURODIVERSITY project MICROSYSTEMS, focuses on the
recently discovered carbonate mounds along the Moroccan margin (see
Chap. 8). The ESF EuroMARC project CARBONATE will mainly study the
mound structures in Rockall Trough.

The phenomenon of on the one hand deep-water carbonate mound sys-
tems and on the other hand cold-water coral systems, encountered nowa-
days along the European continental margins, will be presented in this in-
troductory chapter. The aim of this study will be framed within the light of
recent mound and cold-water coral research. Relationships between the
cold-water coral world and the mound world will be highlighted in the fol-
lowing chapters.

1.1 Recent carbonate mounds

1.1.1 From ancient mud mounds to recent carbonate mounds

A first comprehensive review about ancient carbonate mud mound systems
was edited by Monty et al. (1995) as follow-up of the special symposium
on "Carbonate mud mounds™ organized on the International Sedimen-
tological Congress (ISC) in 1990: "Carbonate mud mounds: their origin
and evolution". A special issue focusing on mud mounds was published in
1995 in Facies (Gerd et al. 1995): "Mud mounds: a polygenetic spectrum
of fine-grained carbonate build-ups”. At the 32" International Geological
Congress in Italy in the session "Reef and carbonate platform sedimenta-
tion" (Florence, 2004), Bourque et al. (2004) gave an updated review about
ancient mud mound systems: "The mud mound system: products and proc-
esses”. Monty et al. (1995), Bosence and Bridges (1995), and Bourque et
al. (2004) tried to summarize the knowledge about ancient mud mound
systems in an adequate way.

During the Late Precambrian, mounds are mainly microbial and con-
structed largely by non-calcified microbes without higher algae or fauna
(Bosence and Bridges 1995). The Proterozoic experienced a development
of stromatolites unique in terms of size and diversity, and interpreted as the
first microbial mounds (Monty 1995). However, in the Late Precambrian,
stromatolites progressively declined for reasons which are not yet fully
understood, although successive glaciations may have played an important
role in this decline (Monty 1995). The Late Riphean (800-700 Ma) is also
marked by a most important event, i.e. the rise of calcified cyanobacteria
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(Knoll and Swett 1990) which, in collaboration with bacteria, played an
important role in the development of mud mounds. During the Palaeozoic,
especially in Cambrian and Ordovician times, microbial and biodetrital
mud mounds rapidly diversify and feature a range of microbial, stromatac-
toid and biodetrital fabrics with abundant mound-building calcified mi-
crobes, calcified coralline and green algae and diverse Palaeozoic benthic
invertebrates (Bosence and Bridges 1995). In Middle to Late Ordovician
times, the increase in large skeletal metazoans such as stromatoporoids,
corals (rugosa and tabulata) and bryozoans as well as higher algae paved
the way for the strong development of reefs and typical stromatactoid mud
mounds. Upper Ordovician carbonate mounds have been reported in the
subsurface of Gotland and in the submarine areas off Gotland (central Bal-
tic Sea, Sweden) (Bergstrom et al. 2004; Sivhed et al. 2004). Late Ordovi-
cian microbial mud mounds and Early Silurian reef constructions occur at
the western margin of the Yangtze Platform (South China) (Yue and Ker-
shaw 2003). Silurian carbonate mud mounds are also reported in the
southern Sichuan Basin in Central China (Zhao et al. 2006). More well-
known are the Lower Devonian Kess Kess Mounds situated in the eastern
Anti-Atlas of southern Morocco (Roch 1934; Massa et al. 1965; Belka
1998; Mounji et al. 1998; Joachimski and Buggisch 1999; Peckmann et al.
1999, 2005; Aitken et al. 2002). Reefal and mud mound facies are also de-
veloped in the Lower Devonian La Vid Group at the Colle outcrops in the
north-western part of Spain (Leon Province, Cantabrian zone) (Fernandez
et al. 2006). The Belgian Frasnian (Upper Devonian) is famous for its car-
bonate mounds, known as "récifs rouges" (Bourque and Boulvain 1993;
Monty 1995; Boulvain et al. 2004; Da Silva and Boulvain 2004). Waulsor-
tian-type (Early Carboniferous) banks or build-ups are well-studied in Bel-
gium, Ireland and the English Midlands, but are also known in North
America (e.g. New Mexico), Central Asia and possibly North Africa (de
Dorlodot 1909; Lees and Miller 1995). One of the most distinctive features
of Waulsortian banks is the occurrence of a sequence of generations of
mud development (polymuds) (Lees and Miller 1995). Macro-skeletal
components are mainly crinoids, bryozoans and brachiopods. The Permo-
Triassic produced mud mounds of different composition, including newly
evolved calcisponges, microbial crusts and sessile foraminifera coated by
microbial encrustations (Pratt 1995). A decline in the abundance and di-
versity of microbial mounds is recorded from the Triassic to the Creta-
ceous (Bosence and Bridges 1995). The Mesozoic mounds differ from
their Palaeozoic ancestors in the calcified algae, rudists and corals in-
volved in mound construction and the associated mound faunas (Bosence
and Bridges, 1995). From the Mid Cretaceous onwards microbial fabrics
are only known as components to metazoan framework reefs, as docu-
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mented by Pratt (1995), and would not be found in mud mounds (Bosence
and Bridges 1995). Most Cenozoic mud mounds would be of biodetrital
origin (Monty 1995), however according to Pratt (1995) microbial compo-
nents might have remained significant in deeper water.

1.1.2 Occurrence and distribution of recent carbonate mounds

The discovery of actual reef and mound growth in deep-water settings set
off in 1948 when Le Danois described so-called "massifs coralliens” as oc-
curring at well-delineated locations along the European continental mar-
gins. Stetson and Squires (1962) mapped a large cluster of over 200
mounds, described as coral banks, on the outer rim of Blake Plateau, off
the North American East coast in water depths of 700 to 900 m. Neumann
et al. (1977) described elongate coral bioherms, called "lithoherms", in wa-
ter depths of several hundred metres, axially aligned with the flow field of
the Florida current. Mainly single lithoherms have been found there, but
also a mound cluster 4.4 km long, 600 m wide and 150 m high (Paull et al.
2000). As the offshore oil industry steadily moved into deeper waters,
more and more occurrences of large build-ups or mounds were discovered
on geophysical data sets along the continental margins. The "kick-off" for
the intensive study of deep-water carbonate mound research along the
European continental margins, was a paper of Hovland et al. published in
1994, which described a set of "carbonate knolls", seen on seismic profiles,
in Porcupine Seabight SW of Ireland. Soon new discoveries of mounds
were reported, following several industrial and scientific surveys. Nowa-
days different mound provinces have been mapped along the European
continental margins (Fig. 1.1). However, just a few mound provinces have
been studied in detail until now.
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Fig. 1.1 Location of the most important carbonate mound provinces and small
mound patches (red ellipses) and distribution of the cold-water coral species Lo-
phelia pertusa (green dots) (http://www.searchnbn.net/hosted/ospar/ospar.html;
Wisshak et al. 2006) along the European and North African continental margins
plotted on bathymetric map (GEBCO bathymetry). (A) Belgica Mound Province
and associated buried Enya Mounds at the eastern margin of Porcupine Seabight,
(B) Magellan, Hovland and Viking Mound Provinces at the northern margin of
Porcupine Seabight, (C) Porcupine Bank Canyon Mounds at the western margin
of Porcupine Bank, (D) Pelagia Mounds along the north-western flank of Porcu-
pine Bank, (E) Logachev Mounds on the south-eastern slope of Rockall Bank, (F)
mounds on the western Rockall Bank, (G) small-scaled Darwin Mounds, (H)
small coral thickets on Galicia Bank, (1) mounds in El Arraiche mud volcano field
(Moroccan margin).
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Giant mounds occur in Porcupine Seabight, SW of Ireland, clustered in
three mound provinces (Hovland et al. 1994; Henriet et al. 1998, 2001,
2002; De Mol et al. 2002; Huvenne et al. 2002, 2003; De Cock 2005; Van
Rooij et al. subm.): (1) the Belgica Mounds occurring in water depths be-
tween 550 and 1030 m and the associated buried Enya Mounds, (2) the
Hovland Mounds in water depths ranging from 400 to 1100 m and the as-
sociated buried Viking Mounds, (3) and the Magellan Mounds located in
water depths around 650 m. Well-known mound provinces are noted in the
Rockall Trough, which are very comparable to those in the Porcupine
Seabight. Several mound groups are present on the flanks of Rockall Bank
and Hatton Bank but most of them are not well studied yet (Unnithan et al.
2003). Worth to mention is the mounds on the western Rockall Bank, in-
cluding mounds such as the recently studied Franken Mound around 680 m
water depth at the south-western slope of Rockall Bank (Wienberg et al.
2005; Ratmeyer et al. 2006). Better studied are the Logachev Mounds on
the south-eastern slope of the Rockall Bank, forming a very complex and
nearly continuous system of conical mounds and interconnected ridges, set
between 600 and 800 m water depth (Akhmetzanov et al. 2003; Kenyon et
al. 2003; van Weering et al. 2003). At the other side of the Rockall
Trough, the Pelagia Mounds occur along the north-western flank of Porcu-
pine Bank and the Porcupine Bank Canyon Mounds, at the western margin
of Porcupine Bank. Both are located in water depths of ca. 800 m (Ak-
hmetzanov et al. 2003; Kenyon et al. 2003; van Weering et al. 2003;
Wheeler et al. 2005a). Towards the north of the Rockall Trough, close to
the Wyville-Thomson Ridge, another group of much smaller mound struc-
tures is observed, named the Darwin Mounds (Masson et al. 2003). Small
coral thickets are present on Galicia Bank (offshore NW Spain) around
500 m water depth (Duineveld et al. 2004). Carbonate mounds and small
mound patches have been reported along the African margins. Mound
structures were discovered along the Moroccan margin in the EI Arraiche
mud volcano field in water depths about 600 m (Van Rensbergen et al.
2005; Foubert et al. subm.). Carbonate mounds are mapped off Mauritania
at approximately 450 to 550 m water depth (Colman et al. 2005).
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Fig. 1.2 Location of the most important cold-water coral reef frameworks (red el-
lipses) and distribution of the cold-water coral species Lophelia pertusa (green
dots) (http://www.searchnbn.net/hosted/ospar/ospar.html; Wisshak et al. 2006)
along the Norwegian margins plotted on GEBCO bathymetry. (A) Stjernsund
Reef, (B) Rost Reef (C) Sula Reef Complex and, (D) eastern Skagerrak Reefs.

Along the Norwegian margins different reef complexes have been de-
scribed, but they do not have the same characteristics as the giant mound
clusters observed at lower latitudes (Fig. 1.2). One of the largest reef com-
plexes is the Sula Ridge Complex at 64°N measuring 14 km by 350 m with
single mounds of maximum 25 m high (Freiwald et al. 2002). In the
Stjernsund fjord (70°N), the Stjernsund Reef has been described, formed
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on the sill at the fjord entrance at a water depth of 260 to 235 m (Freiwald
et al. 1997). Rost Reef is a reef-complex 35 to 40 km long, up to 3 km
wide. It lies between mainly 300 and 400 m water depth in a steep and
rugged part of the continental shelf break along the Norwegian margin
(Fossa et al. 2005). In addition to the mentioned giant reef frameworks,
much smaller reefs are reported in Norwegian and Swedish waters, f.e. lv-
eryggen Reef, Tisler Reef, Fjelknausene Reef, Selligrunen Reef, Fuglay
Reefs, Traena Reefs, Leksa Reef, and S&cken Reef (Hovland and
Mortensen 1999; Fossd et al. 2005; Ottesen et al. 2005; Wisshak et al.
2005).

It has to be mentioned that the most important metazoans associated
with these carbonate mounds and reef frameworks are azooxanthellate co-
lonial stone corals (Scleractinia, Anthozoa). However, the presence of
Sponge reefs in the Queen Charlotte Basin (British Columbia) at water
depths of 165 to 240 m evidence that also other organisms can play in im-
portant role in mound and reef forming processes (Conway et al. 2005).

Despite the increasing knowledge about the presence of carbonate
mounds in deep-water settings, recent reviews about modern carbonate set-
tings still barely incorporate carbonate mounds in an adequate way. Fligel
(2004) mentioned in his extensive review "Microfacies of Carbonate
Rocks", the potential importance of recent "deep-water and cold-water
coral reefs" with emphasis on the term "reef", while recent "deep-water
carbonate mounds" are not mentioned. This can be due to name confusion,
as discussed in Chaps. 3 and 9. It should be mentioned that cold-water
coral reefs and carbonate mounds are not synonymous, and not everywhere
where cold-water corals are growing, giant carbonate mounds or extensive
reef frameworks are observed.

1.2 Cold-water corals

An extensive state-of-the-art review about cold-water corals and their as-
sociated ecosystems is given in the volume "Cold-water Corals and Eco-
systems" edited by Freiwald and Roberts (2005) as follow-up of the 2" In-
ternational Symposium on Deep-Sea Corals held in Erlangen (Germany) in
September 2003. A more popular review about the subject is given in a re-
port published by the United Nations Environment Programme (UNEP) -
World Conservation Monitoring Centre (WCMC): "Cold-water Coral
Reefs" (Freiwald et al. 2004). A short and summarized overview about
cold-water coral ecosystems is given by Roberts et al. (2006).
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The most common framework building cold-water coral species inhabit-
ing the present deeper and colder waters of the NE Atlantic Ocean is Lo-
phelia pertusa while Madrepora oculata is the second most reported spe-
cies (e.g. Le Danois 1948; Teichert 1958; Wilson 1979a; Zibrowius 1980;
Rogers 1999; Freiwald 2002) (Fig. 1.3). Other important cold-water coral
species in the NE Atlantic are Desmophyllum cristagalli, and Dendrophyl-
lia spp. (Le Danois 1948; Zibrowius 1980).

Fig. 1.3 ROV imagery visualizing the cold-water coral species Lophelia pertusa
(A), and Madrepora oculata (B). Imagery copyright MARUM (University Bre-
men).

The coral Lophelia pertusa is part of the functional group described as
"azooxanthellate or ahermatypic scleractinian corals”. They do not need
symbiosis with zooxanthellate algae to survive, and hence they can occur
at greater depths than the typical tropical corals, in a world where light
penetration is very limited or non-existent (Teichert 1958). The
azooxanthellate monotypic Lophelia pertusa was first described from the
NE Atlantic in the mid 18" century by Linnaeus (1758) but is also reported
in other works around the same time period (Pontoppidan, 1755; Gun-
nerus, 1768). The systematic taxonomic classification of the coral is given
by Zibrowius (1980). Lophelia pertusa forms bush-like colonies measuring
several metres across and consisting of thousands of coral polyps (Fig.
1.3).

Lophelia pertusa is a cosmopolitan species and the full extent of its pre-
sent geographic distribution is still unknown (Figs. 1.1, 1.2). Overview
maps have been compiled regularly since a long time (e.g. Pratje 1924; Le
Danois 1948; Teichert 1958; Rogers 1999; Freiwald et al. 2004; Wisshak
et al. 2006; Wheeler et al. 2007). The highest occurrence is recorded along
the eastern Atlantic margin down to West Africa (Freiwald et al. 2004),
but its presence is also noted in the NW Atlantic Ocean (Cairns 1979;
Messing 1990), Pacific Ocean (Durham 1974; Cairns 1982, 1995; Farrow
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and Durant 1985), Indian Ocean (Grygier 1990) and Mediterranean Sea
(Zibrowius 1980). The northernmost Lophelia occurrence known is in the
south-western Barents Sea near Hjelmsgybank (71°21'N) (Fossa et al.
2000), while the southernmost location is the subantarctic Macquarie
Ridge off New Zealand (51°S) (Cairns 1982). The shallowest occurrence
of live Lophelia pertusa is recorded at 39 m water depth from the Trond-
heimsfjord, mid Norway, and the deepest from the New England seamount
chain in the North Atlantic, at 3383 m, and off Morocco, at 2775 m (Zi-
browius 1980). Most of the corals are found on the shelf break and the up-
per bathyal zone of the continental margins, although they have been re-
ported from the slopes of seamounts, mid-ocean ridges, artificial structures
and especially fjords as well (Rogers 1999). The oldest fossil Lophelia was
found at the Gulf Coast, and dates from the Eocene (Squires 1957). Late
Miocene deep-water structures built by Lophelia were found in New Zea-
land (Squires 1964) while from the Pliocene onwards (after the Messinian
Event), Lophelia invaded the Mediterranean (Freiwald 1998). Its first ap-
pearance in Norwegian waters is estimated at ca. 10 ka ago (Henrich et al.
1996).

Hydrographic conditions and the geomorphology of the seabed, com-
bined with environmental parameters such as temperature, salinity and nu-
trient supply, are important factors determining and limiting the distribu-
tion and growth of cold-water corals rather than specific depth ranges
(Freiwald et al. 2004). Lophelia pertusa tolerates temperatures varying be-
tween 4 and 13°C and are restricted to depths below the (seasonal) ther-
mocline (Freiwald et al. 1997; Freiwald 2002). Lophelia pertusa tolerates
salinity values from as low as 32%. in Scandinavian fjords to at least
38.78%o in the lonian Sea (Stramgren 1971; Taviani et al. 2005). Freiwald
(1998) also pointed out that the corals are often located in the depth range
of the oxygen minimum zone. Lophelia corals are generally considered as
suspension feeders, so it is most likely that they feed on live plankton and
suspended particulate organic matter captured by the polyp tentacles
(Messing et al. 1990; Jensen and Frederiksen 1992). Visual observations
with a manned submersible and aquaria experiments showed that the pol-
yps of Lophelia pertusa prey also upon zooplankton up to 2 cm in size
(Mortensen 2001; Freiwald 2002). The quality and availability of nutrients
and food particles is one of the most important factors determining the fit-
ness of coral habitats (Freiwald et al. 2004). Cold-water corals are fueled
by primary productivity in surface waters and subsequent food transport to
the seabed (Duineveld et al. 2004). Growth rates of skeletal linear exten-
sion ranging from 5 (Mortensen and Rapp 1998) to 25 mm/y (Mikkelsen et
al. 1982; Freiwald et al. 1997; Spiro et al. 2000) have been estimated from
analysis of carbon and oxygen stable isotopes. The lifespan of Lophelia
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colonies is not yet known. Mature Lophelia colonies can be divided into an
upper living zone and a lower dead coral framework zone (Freiwald and
Wilson 1998). Through intratenticular budding daughter polyps are formed
from parental polyps (Freiwald 1998): the mouth of an existing polyp
stretches and constricts to form a second mouth. From there on the whole
polyp divides, and a second set of tentacles is formed until the daughter
polyp can develop independently. It appears that each new polyp genera-
tion coincides with the formation of a new incremental calcareous layer
that is secreted around the skeleton of the older polyps belonging to the
living zone only and resulting in incremental layers as observed in thin
sections (Freiwald et al. 2004). Little is known about the basic sexual re-
productive biology of cold-water corals but the studied cold-water corals
have separate sexes (gonochoristic) and spawn their gametes in the water
column for external fertilization (Waller 2005). Gametogenesis seems to
be seasonally controlled for the species Lophelia pertusa, which might be
related in the north-east Atlantic to phytodetritus fall (Waller 2005; Waller
and Taylor 2005). It is thought that the larvae of deep-water scleractinians
require a hard substratum for settlement to occur (Wilson 1979b; Rogers
1999). Microsatellite and ribosomal internal described spacer sequence
analyses indicate that Lophelia pertusa is not a panmictic population in the
NE Atlantic but seems to form discrete fjord and shelf populations (Le
Goff-Vitry et al. 2004).

The Lophelia build-ups and colonies have been proven to be hotspots of
biodiversity (Dons 1944; Burdon-Jones and Tambs-Lyche 1960; Jensen
and Frederiksen 1992; Fossa and Mortensen 1998; Fossa et al. 2000;
Rogers 1999; Freiwald et al. 2004). Mortensen and Mortensen (2004)
wrote a comprehensive summary about symbiosis in deep-water corals.
More than 886 species have been recorded on deep-water corals by Rogers
(1999). Mortensen and Mortensen (2004) cited more than 980 species,
while within the framework of the ACES project more than 1317 species
have been recorded in cold-water coral habitats (Foraminifera, Cnidaria,
Polychaeta, Crustacea, Mollusca, Echinodermata, Brachiopoda, Porifera,
Chordata, Hemichordata, Bryozoa, Echiurida). Beck and Freiwald (2005)
identified different key-species occurring in typical cold-water coral habi-
tats, built up a biodiversity atlas and suggested a subdivision in small-
scaled coral habitats based on the high species diversity.

During the nineties, the advanced exploration of the highly diverse cold-
water coral ecosystems with sophisticated camera systems, showed dam-
age and habitat losses in most oceans of the world. Potential sources of
threats to cold-water corals are well-documented in the UNEP-WCMC re-
port "Cold-water Coral Reefs" (Freiwald et al. 2004). Human activities
threaten these ecosystems in different ways: bottom trawling causes dam-
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age, hydrocarbon drilling and seabed mining has potential impacts, cable
and pipeline placement can destruct cold-water coral habitats, and bio-
prospecting and destructive scientific sampling can have a negative impact
on cold-water corals. However, scientists and policy makers are aware of
the problem and more and more effort is put into the conservation and pro-
tection of these biodiversity hotspots.

1.3 Aim of the study

Carbonate mounds, observed nowadays along the European continental
margins, form the main study object of the presented work. This study ap-
proaches the recent carbonate mounds from a pure generic viewpoint by
focusing in a first phase on the nature of one specific carbonate mound. In
a second phase the significance of the studied mound record is discussed
by looking to other carbonate mound records on a regional scale. It has to
be mentioned that three previous doctoral works paved the way to make
such an approach possible. De Mol (2002) gave a morphological overview
of the mounds encountered in Porcupine Seabight by discussing two-
dimensional high-resolution seismic data sets. Additional preliminary
sample material was used to ground-truth the geophysical data sets and a
model was presented to explain the origin and development of carbonate
mounds. Huvenne (2003) presented and discussed a set of enigmatic,
largely buried mounds, the Magellan Mound Province in the northern Por-
cupine Seabight, mainly based on geophysical data and with an extra em-
phasis on the spatial structure of this set of mounds. This full, qualitative,
and where possible quantitative, description of a mound province and its
surroundings gave more insights in the processes governing the mound
phenomenon. Van Rooij (2004) discussed the sedimentological environ-
ment surrounding the mounds at the eastern margin of Porcupine Seabight
by focusing on different Quaternary sedimentation processes.

The aim of this study is in a first phase to elucidate the internal structure
or the "nature” of a recent carbonate mound body: "What are the main
components of a recent carbonate mound?", "How does a recent carbonate
mounds transform through early diagenetic processes?", and "How does a
carbonate mound develop through time and what are the external controls
on its development?". These questions will be discussed in Chaps. 3, 4 and
5, by focusing on the recently drilled Challenger Mound at the eastern
margin of Porcupine Seabight, SW of Ireland (Integrated Ocean Drilling
Program (IODP) Expedition Leg 307). The first results form IODP Expe-
dition Leg 307 were published in "Proceedings of the Integrated Ocean
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Drilling Program, Volume 307: 'Modern Carbonate Mounds: Porcupine
Drilling™ (Ferdelman et al. 2006). A first comprehensive summary of the
outcome of IODP Expedition Leg 307 was presented in Eos Transactions
"Cold-Water Coral Mounds Revealed". Chapter 2 frames Challenger
Mound in its environmental context. Chapter 3 elucidates the internal
composition of Challenger Mound. The main components of the mound
are discussed and visualized by combining traditional descriptive tech-
niques with new imaging tools. The geochemical and geophysical proper-
ties of Challenger Mound are presented in Chap. 4. Chapter 5 approaches
the mound from a magnetic viewpoint to frame Challenger Mound in a
magnetostratigraphic context.

In a second phase, the significance of the recent carbonate mound record
is discussed, by studying other carbonate mounds in the same region and
comparing on-mound records with off-mound records (Chap. 6), and by
describing a new province of carbonate mounds in a completely different
oceanographic and geological setting along the Moroccan margin (Chap.
8). Chapter 7 focuses on surface processes encountered nowadays at the
sea-floor on top of and in between the carbonate mounds in Porcupine
Seabight.

Chapter 9 summarizes the conclusions, discusses the role of Challenger
Mound as a potential carbonate factory within the light of recent deep-
water reef and mound settings, and touches the controversial topic of re-
cent carbonate mounds as analogues for ancient mud mounds. The chapter
is closed by a brief "look-ahead".

For the interested reader a CD-ROM is available at the back of the book
with an overview of the original data sets used in this study. The data are
structured by chapter and for Chaps. 3, 4 and 5, an extra subdivision is
made separating material related to IODP Expedition Leg 307 (identified
as shipboard data throughout the text) from other measured data sets.
These data are subject to the Laws of Copyright, particularly concerning
the obligation to mention the source.






2 Challenger Mound: a case study

The presence of giant carbonate mounds along the NE Atlantic continental
margin is already known since 1994 (Hovland et al. 1994; Henriet et al.
1998; De Mol et al. 2002; Kenyon et al. 2003; van Weering et al. 2003).
These mound structures have been the target of several cruises during the
last decade, resulting in extensive data sets placing the carbonate mounds
in their environmental and geological context. However, none of these
cruises unveiled the internal structure of a carbonate mound and only the
upper few metres could be sampled by gravity coring.

During IODP Expedition Leg 307 "Modern Carbonate Mounds: Porcu-
pine Drilling" aboard the R/V JOIDES Resolution, a recent carbonate
mound was drilled for the first time in history. At last, the full body of a
carbonate mound could be sampled. Challenger Mound, one of the promi-
nent elongated conical mound structures localized at the eastern margin of
Porcupine Seabight SW of Ireland, was chosen as key site. The Porcupine
Seabight is an amphitheatre-shaped embayment in the Atlantic Irish shelf,
enclosed by four shallow platforms: Porcupine Bank on the western side,
Slyne Ridge in the north, the Irish Mainland Shelf in the east and Goban
Spur in the south (Fig. 2.1B). Only a relatively small opening towards the
deeper North Atlantic basin is present in the southern part. Porcupine
Seabight is known as the cradle of recent mound research. More than 1600
mounds are estimated to occur in this basin, mainly clustered in three
well-delineated mound provinces (Fig. 2.1B): (1) the Belgica Mound Prov-
ince at the eastern margin (De Mol et al. 2002), (2) the Magellan Mound
Province at the northern edge of Porcupine Seabight (De Mol et al. 2002;
Huvenne et al. 2002, 2003) and (3) the Hovland Mound Province immedi-
ately S to SE of the Magellan Mound Province (Hovland et al. 1994; De
Mol et al. 2002). Recently, two new provinces of mainly buried mounds
have been mapped in Porcupine Seabight (Fig. 2.1B): (1) a province SE of
the Hovland Mound Province which can be interpreted as a south-eastern
prolongation of the Hovland Mound Province, the Viking Mound Province
(De Cock 2005) and (2) the Enya Mounds localized SSE of the Belgica
Mound Province (Van Rooij et al. subm.). Challenger Mound belongs to
one of the sixty-six mounds encountered in the Belgica Mound Province.
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In this chapter the geological evolution of Porcupine Seabight and the
geomorphological and oceanographic context of the Belgica Mound Prov-
ince at the eastern margin of Porcupine Seabight will be described to
make the reader familiar with the environment around Challenger Mound.
The primary arguments why Challenger Mound was drilled as template for
other mound structures are highlighted. Finally, a technical report is given
of the different IODP Holes drilled on the top and flanks of Challenger
Mound and its surrounding sediments. These holes form the main study
objects throughout Chaps. 3, 4 and 5.

2.1 Site survey

2.1.1 Geological evolution of Porcupine Basin

The Atlantic margin to the west of Ireland is underlain by a set of structur-
ally linked sedimentary basins whose evolution extends back to the Late
Palaeozoic (Shannon 1991). These basins have a complex development
history involving the interplay of rift tectonics, thermal subsidence, igne-
ous activity and oceanographic variations (Shannon et al. 2007). The main
basins lying west of Ireland comprise an inner suite of relatively small,
narrow, sedimentary depocentres (e.g. Slyne and Erris basins) and an outer
(oceanward) set of larger under-filled deep-water basins (Porcupine and
Rockall basins and Goban Spur) (Fig. 2.1A).

Fig. 2.1 A Distribution of sedimentary basins in the Irish Atlantic margin region
(based on Naylor et al. 1999, 2002 and modified after Shannon 2007). The main
geological features of the region are also shown. The "perched" basins, marginal
to the Rockall Basin, consisting largely of Permo-Triassic strata, are shown in blue
while the main depocentres (largely Jurassic to Cenozoic in age) are shown in
green. The Barra Volcanic Ridge System (BVRS) and the Porcupine Volcanic
Ridge System (PVRS) are shown in red. CGFZ is the Charlie-Gibbs Fracture
Zone. B Location map of Porcupine Seabight showing the main morphological
features in the Irish Atlantic margin region. The locations of the main mound
provinces are indicated by grey boxes: MMP is the Magellan Mound Province,
HMP is the Hovland Mound Province, VMP is the Viking Mound Province, BMP
is the Belgica Mound Province and EM are the Enya Mounds. The locations of the
seismic profiles visualized on Figs. 2.5 and 2.6 are noted.
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In the following paragraphs the tectonostratigraphic evolution of Porcu-
pine Basin will be discussed to place the distribution of the carbonate
mound provinces in Porcupine Seabight in their geological context. First,
the underlying crustal structure of the basin will be shortly described. In a
second paragraph, the tectono-sedimentary development will be presented
with emphasis on the Neogene stratigraphy and the sedimentary and
oceanographic development of the eastern margin of Porcupine Basin dur-
ing the Neogene period. In the framework of the EC-funded
STRATAGEM project (2000 to 2003) an integrated, unified stratigraphic
framework and a detailed evolution model for the NW European Atlantic
margin was developed, including a specific stratigraphic framework for the
Porcupine and Rockall margins (Evans et al. 2005). De Mol et al. (2002)
and Van Rooij et al. (2003) presented a more detailed seismostratigraphic
model based on high-resolution sparker seismics for the Late Cenozoic de-
posits in the Belgica Mound Province on the eastern margin of Porcupine
Seabight. Both models will be presented.

Crustal structure

The basement of Porcupine Basin is composed of Precambrian and Early
Palaeozoic metamorphic rocks forming continental crust (Johnson et al
2001). The basement is often defined as pre-Hercynian (Croker and Shan-
non 1987). NE-SW directed trends in the Porcupine Basin are reflecting
Caledonian basement inheritance (Doré et al. 1999). Doré et al. (1999)
suggest that the southern part of Porcupine Basin could have been influ-
enced by the Hercynian orogeny. However, Tate et al. (1993) states explic-
itly that the Main Porcupine Basin was beyond the influence of the Her-
cynian deformation. Porcupine Basin has undergone a complex history of
crustal attenuation but did not reach the phase of extensive rifting in Late
Cretaceous and Early Cenozoic times with the development of oceanic
crust, as observed to the west of Hatton Basin and south of the Charlie-
Gibbs Fracture Zone (Fig. 2.1A) marking the onset of the development of
the NE Atlantic Ocean. Porcupine Basin can be interpreted as a failed rift
of the proto-North Atlantic Ocean (Shannon 1991). Recent deep seismic
research programmes, notably RAPIDS (Rockall and Porcupine Irish Deep
Seismic) 1, 2, 3, and 4 and HADES (Hatton Deep Seismic) projects, using
wide-angle seismic reflection/refraction techniques, have yielded new in-
sights in the nature, thickness and development of the crustal structure of
the Porcupine and Rockall regions (Shannon et al. 1994; Hausser et al.
1995; O'Reilly et al. 1996; Mackenzie et al. 2002; Morewood et al. 2004).
The wide-angle data show that the crust beneath the Porcupine High (Por-
cupine Bank) is typically thick (25-28 km), which is interpreted as reflect-
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ing little crustal attenuation (Shannon et al., 1994). These areas have re-
mained structurally high (close to sealevel) throughout Late Palaeozoic to
Recent times (Shannon et al. 2007).

However the crust beneath the sedimentary basins is significantly thin-
ner. Gravity modeling across the southern part of Porcupine Basin suggests
that the crust thins from 28 km on the eastern margin to less than 8 km in
the basin centre (Conroy and Brock 1989). Stretching factors calculated
from well subsidence data in the Porcupine Basin give broadly similar re-
sults, indicating a southward increase in stretching factors (with a stretch-
ing factor ranging from 1.1 to 6) (White et al. 1992). Reston et al. (2001,
2004) suggested that the extreme crustal thinning may have resulted in the
development of a zone of serpentinization, accompanied by serpentinite
mud volcanism in the central and southern part of Porcupine Basin. These
patterns of rapid variation in crustal thickness, interpreted as the response
to a number of rifting events, are likely to have had a major effect on both
the heat flow and distribution of fluid flow in the basins (Shannon et al.
2007). They also obviously influenced the sedimentary and oceanographic
flux patterns of the region, leading to the development of rapidly subsiding
basins adjacent to structural highs and to the location and evolution of the
basin margins and their slopes (Shannon et al., 2006).

Tectono-sedimentary development

Seismic data suggest that about 6 km of sedimentary strata are preserved
above the severely attenuated crust, interpreted as a series of stacked rift
megasequences (Croker and Shannon 1987; Naylor et al. 2002). The Late
Palaeozoic to Recent tectonostratigraphic framework, characterized by
episodic rifting phases, each having a different extension (Shannon 1991)
and resulting in a number of sub-basin depocentres (Naylor et al., 1999,
2002), is summarized in Figs. 2.2 and 2.3. Fig. 2.4 frames the Late Ceno-
zoic tectonostratigraphic evolution of Porcupine Basin within the evolution
of the NE Atlantic margin.

Palaeozoic-Mesozoic evolution
Naylor and Shannon (2005) have suggested the presence of a series of
basement domains in the Porcupine region, some of which are likely to be
Lower Palaeozoic or older indurate metasediments and igneous rocks,
while others are Devonian-Carboniferous in age and contain sandstones,
shales and coals. These can be interpreted as a pre-rift succession and were
suggested to have influenced the location and orientation of later basins.
Permo-Triassic basins developed through much of the region, probably
initially as wide extensional post-Variscan sag basins without major fault
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controls and later as more localized fault-controlled rifts along N-S struc-
tural fabrics in Porcupine Basin. Sandstones, shales and evaporites are the
predominant lithologies (Shannon et al. 1999) (Fig. 2.2).
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Fig. 2.2 Generalized tectonostratigraphic framework of the Porcupine region
showing the major lithologies, unconformities and tectonic events of the Late Pa-
laeozoic to Cenozoic (after Shannon et al. 2007). Ry.5 refer to the major rift phases
and C,.; are compressive phases. The direction of extension and compression is
indicated by arrows.
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Early Jurassic strata are only known from the northern part of Porcu-
pine Basin and are thought to represent a series of deep-marine shales,
marls and limestones (Croker and Shannon 1987). Middle Jurassic strata
have a widespread occurrence throughout the Porcupine Basin. The suc-
cession comprises a braided fluvial sandy facies, interpreted by Sinclair et
al. (1994) as the product of an onset warp phase of tectonism prior to ma-
jor rifting (Fig. 2.2). The Late Jurassic strata reflect deposition of basin-
edge sandy to conglomeratic alluvial fans, meandering fluvial sandy and
silty sediments and deep-marine submarine sandy fans in a series of syn-
rift sub-basins (Croker and Shannon 1987; MacDonald et al. 1987).

The Early Cretaceous succession, resting with a marked unconformity
on the Jurassic strata, consists of a thick interval of muddy and silty marine
strata within the centre of Porcupine Basin (Fig. 2.2). Towards the basin
margin the succession is subdivided into several unconformity-bound
seismic sequences that are laterally equivalent to the strata in the basin
centre (Shannon et al. 2007). Syn-rift faulting waned during the Early Cre-
taceous but a later phase of Aptian-Albian rifting has been suggested to
produce the deltaic sandstones seen in the northern part of Porcupine Basin
(Croker and Shannon 1987; Shannon 1991). The Porcupine Volcanic
Ridge System (Tate and Dobson 1988; Naylor et al. 2002) in the centre of
Porcupine Basin has been interpreted as the product of extensive volcan-
ism in Early Cretaceous times. These volcanic systems appear to have
been locally reactivated with sills and dykes in Palaeogene times. An al-
ternative interpretation has been proposed more recently (Reston et al.
2001, 2004) that this ridge system, developed above a region of thinned
continental crust, is not magmatic in origin but related to mantle serpenti-
nization and may include mantle mud volcanism. Late Cretaceous chalks
and marls are extensively developed, covering the whole basin and extend-
ing across the basin-bounding structural highs (Porcupine Bank) (Fig. 2.2).

Cenozoic evolution

A Cenozoic succession, up to 4 km thick, is deposited in Porcupine Basin
(McDonnell and Shannon 2001). Mapping the seismic megasequences in
Porcupine Basin revealed a broad catenary shape for the Cenozoic succes-
sion (Fig. 2.5A-B) (Naylor et al. 2002). The strata dip towards the basin
centre, superimposed upon a regional southerly dip towards the central part
of the basin. However, the main preserved Cenozoic depocentres change in
a consistent manner through time, with a southerly migration from the
Palaeogene to the Neogene (Shannon et al. 2007).
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Fig. 2.3 Late Cenozoic tectonostratigraphic evolution of Porcupine Basin. and the
NE Atlantic margin. Upper panel: Stratigraphic nomenclature (megasequences
and key major and minor unconformities) for the Upper Palaeogene-Neogene
strata on the NW European Atlantic margin as defined by the STRATAGEM pro-
ject (after Stoker et al. 2005). Lower panel: Detailed tectonostratigraphic setting of
the Late Mesozoic and Cenozoic of the Porcupine and Rockall region after Shan-
non 2007 (modified from McDonnell and Shannon 2001).
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A succession of sand-prone deltaics and coeval submarine fans was de-
posited during Late Palaeocene to Eocene times (Croker and Shannon
1987; Moore and Shannon 1992; Shannon 1992). This regressive episode
was interpreted by Shannon et al. (1993) to represent the response to ridge
push resulting in differential basin edge flexure, although it has also been
interpreted as the result of mantle plume tectonics (White and Lovell 1997;
Jones et al. 2001) (Figs. 2.2, 2.3 and 2.4).

A major facies change in Late Eocene times is coincident with a major
(C30) unconformity succeeding the deposition of the Palaeocene/Eocene
deltaics and submarine fans (Stoker 1997; McDonnell and Shannon 2001;
Stoker et al. 2001, 2005). This unconformity is clearly observed in the cen-
tre of Porcupine Basin as a major incisional unconformity (Shannon et al.
2005) and coincides with the onset of contourite drift deposition, i.e. the
Porcupine Drift, an elongate drift which is coeval with the Feni Drift
(Rockall Trough) but is more subdued than the latter (McDonnell 2001;
Stoker et al. 2001) (Fig. 2.5A-B). So, the unconformity marks a major
change from predominantly downslope sediment transportation to mainly
alongslope movement (Shannon et al. 2007). Stoker et al. (2005) suggest
that the C30 unconformity results from the onset of vigorous current circu-
lation facilitated by a rise in sealevel due to an increase in the size of the
oceanic water body as a consequence of increased differential basinal sub-
sidence (Fig. 2.4). Rapid differential subsidence coeval with the culmina-
tion of the Pyrenean orogeny (Knott et al. 1993), outstripped sedimentation
to drive a rapid deepening that established the deep-water basins (Stoker et
al. 2001). Porcupine Basin subsided to a point that allowed bottom currents
driven by Tethyan Outflow Water to enter the basins from the south. In-
deed, Ramsay et al. (1998) presented isotopic data showing that bottom
current circulation patterns in the Atlantic Ocean prior to the Middle Mio-
cene were driven by southerly derived water masses, including Tethyan
Outflow Water. The Late Eocene to Oligocene onset of contourite drift ac-
cumulation in the Rockall-Porcupine area is consistent with a northward
extension of activity that had been ongoing further south since the Mid
Eocene (Ramsay et al. 1998; Norris et al. 2001). So, a combination of
oceanographic and tectonic factors can be proposed to have been the driv-
ing forces in the formation of the C30 megasequence boundary uncon-
formity (Shannon et al. 2005) (Figs. 2.3, 2.4).

The Oligocene to Early Miocene drift sediments above the C30 uncon-
formity are identified as one megasequence named RPc (Rockall-
Porcupine) in the new STRATAGEM nomenclature (Stoker et al. 2005)
(Figs. 2.3, 2.4). The upper part of the RPc sequence consists of Upper Oli-
gocene to lowest Miocene silty and calcareous claystones, interbedded silt-
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stones and argillaceous limestones unconformably overlain by a Lower
Miocene conglomerate (Dobson et al. 1991).

Fig. 2.4 Late Paleogene-Neogene tectonostratigraphic framework for the NW
European Atlantic margin after Stoker et al. 2005.

A set of unconformities, of late Early Miocene to early Mid Miocene in
age, is identified in Porcupine Basin (McDonnell and Shannon 2001). The
most pronounced of these unconformities is hamed as the C20 unconform-
ity (McDonnell and Shannon 2001; Stoker et al. 2001) (Fig. 2.5A-B).
Some of these unconformities are confined to the basin margins, while one
of them is correlated across the basin as an unconformity on both margins
of the basin and as a correlative conformity within the basin centre. The
unconformable sequence boundary is underlain by a pulsed progradational
wedge, Early to Mid Miocene in age, on the eastern margin and by a coe-
val large composite slide feature on the western margin (Moore and Shan-
non 1991; Shannon et al. 2005). In common with C30 (Late Eocene), this
set of unconformities is likely to be the result of the interplay of tectonism
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and oceanographic circulation changes (Shannon et al. 2005) (Figs. 2.3,
2.4). Differential subsidence is interpreted as having occurred prior to the
main C20 sequence boundary resulting in steep slopes and instability on
the western margin, and pulsed sediment progradation due to basin margin
uplift and tilting on the eastern margin (Shannon et al. 2005). The less re-
gionally extensive unconformities are thought to reflect the effects of the
tectonism associated with the differential subsidence. The observed differ-
ential subsidence is coeval with a major plate reorganization and the last
pulses of the Alpine orogeny (Stoker et al. 2005) (Figs. 2.3, 2.4).

The megasequence lying above the C20 unconformity system, named as
RPb in the STRATAGEM nomenclature, is characterized on seismic data
by a complex set of Mid Miocene to Pliocene strata with aggradational
basinward-onlapping and basinward-prograding bedsets (Shannon et al.
2005) (Figs. 2.3, 2.4). All the regional geological evidence (Stoker et al.
2001) points to the occurrence of high-energy contour-parallel currents
with sediment transported by alongslope migration and deposited by accre-
tion as contourite drifts in a deep-water setting (Shannon et al. 2005;
Stoker et al. 2005). The sediment build-ups are spectacularly developed
close to the basin margins (Shannon et al. 2005) and are not slump features
as suggested by Roberts (1972). They show upslope progradation and their
development results in the accretion of sediment wedges onto the basin
margins (Shannon et al. 2005). Towards the margins of Porcupine Basin, a
series of deeply eroded channel-like features are observed adjacent to the
accretionary sediment build-ups. These are often spatially associated with
local diachronous unconformities. Together with the overlying high-
energy sediments, they can be interpreted as a contourite cut-and-fill fa-
cies. So, they clearly represent deep-water features associated with vigor-
ous contour currents (Shannon et al. 2005). A Mid Miocene onset or accel-
eration of Norwegian Deep Water Overflow is proposed by Stoker et al.
(2005) to explain a regional expansion in contourite drift development and
accumulation above the C20 unconformity. The Early Neogene onset or
acceleration of overflow of Norwegian Sea Deep Water (NSDW) is inter-
preted to be a consequence of a tectonic inversion in the Faroe-Shetland
areas, which changed the geometry of the Wyville-Thomson Ridge com-
plex so as to facilitate the opening of the Faroe conduit as passageway for
the exchange of intermediate and deep-water masses between the Atlantic
Ocean and Nordic Seas (Stoker et al. 2005; Johnson et al. 2005).
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An Early Pliocene unconformity has been identified along the entire
length of the NW European Atlantic margin (Stoker et al. 2001, 2005).
McDonnell and Shannon (2001) correlated this unconformity with an un-
conformity of similar character in Porcupine Basin, the C10 unconformity
(Fig. 2.5). Shannon et al. (2007) suggest that most of the carbonate
mounds in the Porcupine region appear to root on this regionally continu-
ous sub-horizontal reflector (Fig. 2.5C).

The overlying succession is thin in the Irish offshore areas (south of
56°N), identified as RPa, but further north on the continental margins the
succession thickens extensively in response to the development of a series
of glacially influenced prograding wedges (Shannon et al. 2005) (Figs. 2.3,
2.4). There the succession contains a pronounced internal unconformity
(the glacial unconformity) of early Middle Pleistocene age. This uncon-
formity is so far not described in Porcupine Basin. In Porcupine Basin,
RPa is recognized as a seismic sequence characterized by parallel continu-
ous to discontinuous reflectors, hummocky in character; their aggrada-
tional nature has maintained the development of the Porcupine Drift
(Stoker et al. 2005). The activity of bottom currents in this sediment drift is
testified by migrating sandwaves and internal erosion surfaces (Stoker et
al. 2005). On the western flank of the southern Rockall Trough, DSDP Site
610 and ODP Site 980/981 proved that the RPa sequence consists of Early
Pliocene to Holocene nannofossil ooze increasingly interbedded with cal-
careous terrigenous clay in the upper part of the section. The influx of clay
and dropstones indicates that ice rafted detritus reached these sites in Late
Pliocene times (Ruddiman et al. 1987; Jansen et al. 1996).

Fig. 2.5 A Seismic profile through Porcupine Basin (W-E) showing the Belgica
Mound Province at the eastern margin and framing the mounds in their geological
context. Location noted on Fig. 2.1B. B Interpreted geoseismic section through
Porcupine Basin (W-E), focusing on the Upper Palaecogene-Neogene stratigraphy
with the annotation of the unconformities (C10, C20 and, C30) as defined in the
framework of the STRATAGEM project (2002, 2003) (modified after McDonnell
and Shannon 2001). C Zoom in on the Belgica Mounds rooting on the same un-
conformity, which can be interpreted as the C10 unconformity according to
McDonnell and Shannon (2001). Seismic lines provided by Petroleum Affairs Di-
vision (Dublin), DCMNR.
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Stoker et al. (2005) attributed the formation of the intra-Pliocene bound-
ary, dated at 4 Ma, to the uplift of onshore and shallow shelf areas accom-
panied by accelerated offshore subsidence which started in Early Pliocene
times (Figs. 2.3, 2.4). Late Cenozoic movements affected indeed the conti-
nental margins around the NE Atlantic (Japsen and Chalmers 2000; Praeg
et al. 2005). These movements have been linked to a Late Neogene global
plate reorganization (Cloetingh et al. 1990). A tilting of the margin re-
sulted in a major seaward progradation of shelf-slope sediment wedges as
well as a change in oceanographic current patterns, which combined to
form the intra-Pliocene unconformity. The intra-Pleistocene glacial uncon-
formity marks the onset of expansive, shelf-wide glaciations in NW
Europe (Stoker et al. 2005). Studies of the influence of glacial processes in
Porcupine Basin are scarce. The more, the shelf and slope lack the typical
troughs and fans that mark the rest of the NW European continental mar-
gin (Sejrup et al. 2005). However, the onshore glacial records indicate that
ice-sheets have repeatedly extended offshore (Bowen 1991; Coxon 2001,
Bowen et al. 2002) and recent studies have shown that the continental
margin, SW to W of Ireland, show different glacial imprints. In the north-
ern Porcupine Seabight, iceberg scour marks are recognized at the seabed
on sidescan sonar imagery at water depths of 140 to 500 m (Belderson et
al. 1973; Pantin and Evans 1984; Kenyon 1987). Buried iceberg scour
marks have also been recognized in the shallow subsurface of the northern
Porcupine Basin using 3D seismic data sets (Games 2001; Mathys 2001).
A channel system, the Gollum channels, is characterizing the eastern mar-
gin of Porcupine Seabight. The age of formation of the canyons is un-
known but they do not appear to have been active during the present inter-
glacial (Tudhope and Scoffin 1995; Wheeler et al. 2003). However, they
may have received coarse-grained sediment supplied by glacial meltwater
events (Tudhope and Scoffin 1995; Unnithan et al. 2001; Weaver et al.
2000; Wheeler et al. 2003). Studies of core sections on the eastern and
northern margin of Porcupine Seabight show the presence of ice rafted de-
bris and glaciated sediments (Foubert et al. 2007; Van Rooij et al. 2007a).
The present-day sea-floor is characterized by patches of gravel- to boulder-
sized dropstones, interpreted to be of Irish provenance and of glacial (ice
rafted) origin (Foubert et al. 2005a).

Seismostratigraphic model for the Belgica Mound Province

De Mol et al. (2002), De Mol (2002), Van Rooij et al. (2003, 2007a,
2007b) and Van Rooij (2004) developed a detailed seismostratigraphic
framework for the Belgica Mound Province at the eastern margin of Por-
cupine Seabight based on very high-resolution seismic data sets (SIG sur-
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face sparker source operating at 500J; 0.5-1 m vertical resolution; 400 to
800 ms TWT penetration depth). In the next paragraphs an overview will
be given of the four encountered seismic units (U1-U4), separated by three
regional unconformities (RD1-RD3) (Fig 2.6), and their link with the tec-
tonostratigraphic framework developed within the STRATAGEM project
(Evans et al. 2005; Stoker et al. 2005). All units prove to be influenced by
bottom current action either during or after deposition (Van Rooij et al.
2003, 2007a).

Fig. 2.6 High-resolution WSW-ENE seismic profile P980521, illustrating the gen-
eral seismostratigraphic setting of the Belgica Mound Province (modified after
Van Rooij 2004; Van Rooij et al. 2007a, 2007b). The different described units and
unconformities are annotated. The location of the described seismic profile is
noted on Figs. 2.1b, 2.12 and 2.16.

Unit U4 is rarely observed on the high-resolution seismic profiles due to
limited penetration depths but where recognized, the unit is characterized
by gently dipping parallel strata with some intercalated prograding com-
plex sigmoidal deposits (Fig. 2.6). Seismic unit U4 is interpreted as an
elongated sediment drift, which started to develop in Porcupine Seabight
during Late Eocene to Early Oligocene times (Van Rooij 2004). This unit
can be correlated to the lower part of megasequence RPc (Stoker et al.
2005) and the base of unit U4 can be linked with the C30 unconformity
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(McDonnell 2001), marking the onset of drift sedimentation probably
driven by Tethyan Outflow Water in Porcupine Basin. Unit U4 is topped
by the RD3 erosive unconformity (Fig. 2.6), interpreted by Van Rooij
(2004) as caused by a general sea level fall during early Late Oligocene
times attributed to the construction of ice-caps (Pearson and Jenkins 1986).
However, this unconformity has to be interpreted carefully and its origin
can be questioned.

Unit U3 is generally characterized by gentle basinward dipping con-
tinuous parallel strata with moderate to locally high amplitude reflections
(Fig. 2.6). A clinoform pattern formed by upslope migrating sigmoidal
bodies is encountered in the upper strata of unit U3, interpreted by Van
Rooij et al. (2003) as buried sediment waves, associated with sediment
drifts. The upper boundary of this unit is an erosional unconformity (RD2)
which strongly incises the underlying strata (Fig. 2.6). The strata of unit
U3 can be correlated with the Early to Middle Miocene progradational
wedge underlying the main C20 unconformity, while the RD2 uncon-
formity may be linked with the Mid Miocene C20 unconformity (Shannon
et al. 2005; Stoker et al. 2005; McDonnell 2001).

Unit U2 is characterized by a nearly transparent acoustic facies on top
of the erosional unconformity RD2 bounding units U2 and U3 (Fig. 2.6).
Only a few sets of continuous, relatively high amplitude reflectors are ob-
served within unit U2. The nature of this transparent seismic facies sug-
gests relatively homogeneous sediments. Following the STRATAGEM
nomenclature, the strata in this unit should correlate with the Mid Miocene
to Early Pliocene RPb megasequence (Shannon et al. 2005; Stoker et al.
2005; McDonnell 2001). Subsequently, a significant erosion event se-
verely cut into these deposits, creating the RD1 discontinuity. Deep inci-
sions into unit U2 created large south-north orientated ridges, which are
still evident in the present-day topography (Van Rooij et al. 2003) and
which formed according to De Mol et al. (2002) an ideal substrate for
colonization by framework building corals which may have been the initia-
tion of mound growth (De Mol et al. 2002). The mounds in the Belgica
Mound Province on the eastern margin of Porcupine Seabight root indeed
on this unconformity. Van Rooij et al. (2003) correlated the RD1 disconti-
nuity with a regional Late Pliocene hiatus, found in the Rockall-Goban
Spur transect, and interpreted the discontinuity in terms of the reintroduc-
tion of Mediterranean Outflow Water (MOW) in the NE Atlantic and the
effect of glacial-interglacial events on deep-water circulation (Stow 1982;
Pearson and Jenkins 1986). However, according to Shannon et al. (2005)
and McDonnell (2001) and following the STRATAGEM nomenclature,
the RD1 discontinuity should be correlated with the Early Pliocene (4 Ma)
C10 unconformity.
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Unit U1 is characterized by slightly upslope migrating wavy parallel re-
flectors, representing Quaternary drift deposits partly enclosing the
mounds (Fig. 2.6) (Van Rooij et al. 2003). The reflectors of unit U1 onlap
the mounds, suggesting that the mounds were already present before depo-
sition of the most recent drift. Scouring and moat features around the
mounds suggest that they affected the intensity of the currents and the
deposition of the enclosing sediments (De Mol et al. 2002; Van Rooij et al.
2003). Unit U1 can be correlated with megasequence RPa according to the
STRATAGEM nomenclature (Evans et al. 2005; Stoker et al. 2005; Shan-
non et al. 2005). On the seismic profiles, the Belgica Mounds are charac-
terized as almost acoustically transparent elevated structures with a para-
bolic outline (Fig. 2.6) (Van Rooij et al. 2003). Within the mounds no clear
internal reflections are observed. The real shape of the mounds is masked
by diffraction hyperbolae.

2.1.2 Geomorphology of the Belgica Mound Province

An extensive data set of surface information has been gathered during the
last decennia on the eastern margin of Porcupine Seabight especially in the
Belgica Mound Province, going from multibeam data over sidescan sonar
records to video imagery and surface samples (box cores, gravity cores,
Calypso piston cores, dredges, Van Veen grabs, TV-guided grabs,...). In
this chapter a short overview and description will be given of the existing
data sets, revealing the environmental and geomorphological setting of the
Belgica Mounds. The results of recent mapping dives with Remoted Oper-
ated Vehicles (ROV), zooming in on small mounded structures and visual-
izing the different facies encountered on and between the Belgica Mounds,
are discussed in detail in Chap. 7 "Surface processes”. The results of sur-
face coring are presented in Chap. 6 "The top of the record: on-mound ver-
sus off-mound".

The Belgica Mound Province is situated at the eastern margin of Porcu-
pine Seabight between 51°10'N and 51°40'N and, 11°30'W and 11°45'W,
extending over a length of 45 km and a width of 10 km (Figs. 2.1B, 2.7,
2.8). Based on multibeam bathymetry (Beyer et al. 2003) and seismic data
sets (De Mol et al. 2002) 66 mounds are described, of which 44 are out-
cropping and 22 are buried mounds (Figs. 2.7, 2.8). De Mol et al. (2002)
presented a first general description of the morphology of the Belgica
Mounds. Beyer et al. (2003) discussed in detail the bathymetric data sets
and Wheeler et al. (2007) approached the Belgica Mounds from a statisti-
cal viewpoint by comparing mound heights with mound widths, similar to
the statistical study carried out by De Mol et al. (2002) on 2D seismics. De
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Mol et al. (2002) attributed a number to each of the Belgica Mounds, while
other mounds where named throughout the years such as Thérése Mound,
Galway Mound, Poseidon Mound and Challenger Mound (Fig. 2.7).

Fig. 2.7 Three-dimensional view of the outcropping Belgica Mounds based on
AWI bathymetry (Beyer et al. 2003).

The mounds occur in water depths between 550 and 1030 m and are
bordered at their western side (downslope) by a large alongslope, N-S to
NE-SW channel (Fig. 2.7). Shallow S-W trending downslope gullies feed
into the N-S channel (Van Rooij et al. 2003) (Fig. 2.7). The mound shapes
varies from conical, circular to NNE-SSW elongated forms, of which
many seem to be aligned in several levels or sitting ""en echelon™ along the
bathymetric contours parallel to the continental margin (Beyer et al. 2003).
Most of the mounds on the slope have an exposed steep western flank that
is about 20° compared to the average slope of the margin at ~5 °, while the
eastern upslope side of the mound is often buried, which leads to a terrace-
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like margin morphology (De Mol et al. 2002; Beyer et al. 2003; Van Rooij
et al. 2003; Wheeler et al. 2007). Depressions, up to 50 m deep, often oc-
cur on the steep downslope side of some mounds and are probably the re-
sult of strong bottom currents around the mounds (Van Rooij et al. 2003).
The mound widths vary from 250 to 2150 m, and the heights range from
50 to 200 m above the common mound base as defined on 2D seismic data
sets (De Mol et al. 2002). Most of the mound summits occur in two main
water depths: 850 m and 700 m (Wheeler et al. 2007). Exposed heights of
the mounds vary between 10 and 70 m (mean 40 m) on their upslope side
and 40 and 160 m (mean 90 m) on their downslope side (Wheeler et al.
2007). The mean mound height protruding from the sea-floor is ~100 m.
The N-S width (varying between 400 and 2000 m; mean 860 m) of the
mounds has a broader range than the east-west extension (varying between
300 and 1000 m; mean 570 m) (Wheeler et al. 2007).

The Belgica Mounds and their sedimentary environment have been
mapped in detail on 30 kHz TOBI (Towed Ocean Bottom Instrument)
sidescan sonar records (de Haas et al. 2002; Huvenne et al. 2005) and on
high-resolution 100/410 kHz GeoAcoustic sidescan sonar imagery
(Wheeler et al. 2005b) (Fig. 2.8). These authors used existing video im-
agery and surface coring to ground-truth the described sidescan sonar re-
cords. Huvenne et al. (2005) identified the Belgica Mounds on the TOBI
sidescan sonar imagery as having a strong backscatter signature on their
flank facing the sonar and a strong acoustic shadow, reflecting their topog-
raphy (Figs. 2.8, 2.9). Small, positive high backscatter features in between
the high backscatter features representing the giant mounds are interpreted
as small mounded structures (Huvenne et al. 2005; Wheeler et al. 2005b;
see also Chap. 7). A low backscatter facies of smooth texture is encoun-
tered south of the mounds, interpreted as a package of hemipelagic sedi-
ments (Huvenne et al. 2005) (Figs. 2.8, 2.9). A high backscatter facies of
irregular texture is mainly found in between the mounds and around the
gullies and is indicative for current-swept areas where the finest fractions
are winnowed from the upper sediment layer resulting in coarse, some-
times purely lag deposits (Huvenne et al. 2005). A medium backscatter fa-
cies with irregular texture occurs in the northern part of the Belgica Mound
Province and east and west of the mounds and reveals a facies with coarse
material characterized by strong current effects (Figs. 2.8, 2.9). A set of
depressions south of the Belgica Mounds are interpreted as shallow pock-
marks (Huvenne et al. 2005). Patches of very high backscatter between the
mounds and along the north-facing slopes of the gullies represents areas
with a very coarse sea-floor, consisting of gravel lags and/or dead coral
rubble. Patches of very low backscatter occur at several locations and are
interpreted as well sorted loosely packed sands (Figs. 2.8, 2.9). Striations,
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crescent shaped forms, wavy patterns and single low backscatter streaks
represent respectively current-parallel ribbons of sand, barchan dunes,
sand waves and furrows, indicative of active sediment transport and even
erosion or non-deposition (Huvenne et al. 2005; Wheeler et al. 2005b;
Foubert et al. 2005a).

Wheeler et al. (2005b) revealed similar backscatter patterns on the high-
resolution sidescan sonar records: background uniform backscatter facies
representing a smooth current swept seabed surface, sediment wave facies,
barchan dune facies, gravel ridge facies, sand ribbon facies, and the giant
mounds themselves with some small mounded structures in between.
High-resolution sidescan sonar data confirmed that the mound morphology
is strongly dictated by prevailing basal current activity (Wheeler et al.
2005Db). So, sidescan sonar records show that the Belgica Mounds are oc-
curring in a very dynamic environment influenced by rather strong bottom
currents.
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Fig. 2.8 TOBI (Towed Ocean Bottom Instrument) sidescan sonar mosaic (de Haas
et al. 2002; Huvenne et al. 2005) of the Belgica Mound Province with annotation
of surface mounds (red triangles) and buried mounds (green triangles).
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Fig. 2.9 Interpretation of the TOBI sidescan sonar mosaic in the Belgica Mound
Province after Huvenne et al. 2005. AWI bathymetry is plotted on the sidescan
sonar records (Beyer et al. 2003).
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2.1.3 Oceanographic template

An excellent overview of the present-day oceanographic situation in Por-
cupine Seabight is given by White (2007). In this chapter the different wa-
ter masses and some benthic physical processes encountered nowadays at
the eastern margin of Porcupine Seabight will be highlighted. For more de-
tailed information the reader is referred to White (2007).

Water masses

The Porcupine Seabight is mainly influenced by northward flowing East-
ern North Atlantic Water (ENAW) and Mediterranean Outflow Water
(MOW), with some influences from other water masses derived from the
western North Atlantic (van Aken and Becker 1996). Fig. 2.10 represents
temperature and salinity transects across the Porcupine Seabight and the
Porcupine Bank revealing the typical water mass distribution at the depth
levels occupied by the carbonate mounds (White 2007). A seasonal ther-
mocline is observed at about 50-70 m (Fig. 2.10A). At the approximate
latitude for the Belgica Mound Province, warm saline water of ENAW
origin, carried northwards adjacent to the NE Atlantic margin (Pollard et
al. 1996), fills the upper layers down to about 600 m water depth (Fig.
2.10). A significant portion of the ENAW flow is carried by the Shelf Edge
Current (SEC) that flows polewards along the continental margin (e.g.
Pingree and LeCann 1990; Huthnance 1986). Between 800 and 1000 m,
MOW characterized by a high salinity core occupies the basin (Fig. 2.10).
The upper level of MOW is associated with the permanent thermocline and
matches with the mean water depth of the carbonate mound occurrences
(White 2007) (Fig. 2.10).

Fig. 2.10 Transect of temperature (A) and salinity (B) across the Porcupine
Seabight and Porcupine Bank at 51.5°N in June 2002, taken from Mohn et al.
(2002) and White et al. (1998, 2007). A colourscale for all plots is shown on the
right. The salinity 35.48 contour on Fig. 2.10B is shown for clarity.
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The predominant circulation along the continental margin of the NW
European shelf is directed polewards (Huthnance 1986). In the Porcupine
Seabight itself, the flow is essentially cyclonic with poleward flow along
the Irish shelf at the eastern margin (e.g. Pingree and Le Cann 1989, 1990).
Mean residual bottom flows between 2 and 5 cm/s have been measured, al-
though much stronger currents have been measured at the eastern margin
of Porcupine Seabight (Pingree and Le Cann 1990; White 2007; White
subm.; Dorschel subm.). At the northern margin of Porcupine Seabight, the
flow below 300 m water depth recirculates along the margin.

Benthic physical processes

Bottom current measurements in the Belgica Mound Province have shown
that mean daily and maximum currents are much higher at the eastern
margin than in other parts of the Seabight (Roberts et al. 2005; White
2007, White et al. subm.; Dorschel et al. subm.). Current meter measure-
ments at a height of 13 m above the seabed on the upper slopes of Galway
Mound indicated that strong currents were present at the location with
peak current speeds of over 60 cm/s (Roberts et al. 2005). The principal
variability in the current record was tidal at a diurnal period with a strong
spring-neap cycle (~13.6 days) (Roberts et al. 2005; White et al. subm.).
The main daily currents showed a persistent daily residual flow, which
varied between 5-15 cm/s, directed to the NW following the local conti-
nental slope orientation. Larger mean daily flows were associated with
spring diurnal tides. The orientation of the dominant diurnal tides was ap-
proximately SW-NE (across the slope). This suggests that the mean resid-
ual current is directed along the local slope, while the strong tidal currents
are directed across the slope. Dorschel et al. (subm.) revealed similar re-
sults by a current meter experiment whereby 6 current meters were de-
ployed on the flanks and summit of Galway Mound ~120 cm above the
sea-floor. These authors measured mean near-seabed residual currents be-
tween 1-7 cm/s (Fig. 2.11). The current variability was dominated by SW-
NE orientated tidal fluctuations and maximum current speeds of 51 cm/s
were recorded at the summit of Galway Mound.

White (2007) and White et al. (subm.) proposed two physical mecha-
nisms responsible for the enhanced currents observed at the eastern margin
of Porcupine Seabight. Internal waves are periodic oscillations in the verti-
cal density stratification. The interaction of these internal waves with the
seabed has been proposed as a way of producing enhanced bottom currents
(Rice et al. 1990; White 2007). However, the cause of the high currents
may not be entirely due to internal waves. Current measurements at 1000
m water depth adjacent to the Belgica Mounds have indicated that en-
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hanced diurnal period baroclinic motions are present which dominate the
current variability (White 2007). The motions will have maximum intensi-
fication where the stratification and the bottom slope are large, and the
depth of the permanent thermocline is such a depth, typically 600-800 m.
Most of the mounds in the Porcupine region lie close to the permanent
thermocline depth. So, the relative high currents associated with the
mounds at the eastern margin of Porcupine Seabight are the result of more
than one dynamic process. However, White et al. (subm) suggested that
the enhancement of benthic currents by resonance generation of internal
waves would appear to be less significant than bottom amplification of di-
urnal tides in the Belgica Mound Province.

Fig. 2.11 A Current vectors, calculated from current meter measurements on the
top and the flanks of Galway Mound, plotted against time (modified after Dor-
schel et al. subm.). The numbers are days in June 2003 starting with 08.06.2003. B
Position of the current meters deployed on the top and the flanks of Galway
Mound (Dorschel et al. subm.).

Such enhanced currents generated by benthic dynamical processes
might have a secondary role in influencing the mound ecosystem, through
control of food availability (White 2007). Large submerged banks, such as
the Porcupine Bank, are regions of enhanced productivity (White 2005).
White et al. (2005) have suggested how these banks may retain such pro-
ductivity and promote the transportation of organic material to the mounds
that are located along the deeper slope through downslope transport in the
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bottom Ekman (frictional) layer. It is the mean anticyclonic flow around
the banks that promotes this downslope transport in the bottom boundary
layer. White (2007) proposed that a similar process would be expected for
the cyclonic flow of the slope current around Porcupine Seabight hence
providing a downslope transport mechanism at all mound locations in the
region. The mound regions are, therefore, regions where enhanced organic
material supply might be expected.

2.2 Drilling Challenger Mound (Site U1317)

During IODP Expedition Leg 307 "Modern Carbonate Mounds: Porcupine
Drilling”, the scientific drilling of Challenger Mound (51°22.8'N,
11°43.1'W; 781-815 m water depth) was the central objective (Exp. 307
Scientists 2006a, 2006d). Challenger Mound belongs to one of the 44 sur-
face mounds encountered in the Belgica Mound Province on the eastern
slope of Porcupine Seabight (Fig. 2.7).

Fig. 2.12 Bathymetric map of Challenger Mound showing the location of the
IODP Holes (on-mound Site U1317 and off-mound Site U1316) (red stars) and the
seismic lines visualized on Figs 2.6, 2.13 and 2.15. Contour interval set at 10 m.
Map is based on AWI bathymetry (Beyer et al. 2003).
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The mound has an elongated shape with the main axis oriented in a NNE
to SSW direction (Fig. 2.12). An oval plateau demarcates the summit of
the mound at a water depth around ~790 m. The mound is buried at its
eastern side by drift sediments, leaving only 30 to 40 m of Challenger
Mound exposed at this side. Its western side is characterized by a well-
exposed flank, protruding 100 to 120 m above the seabed. The slopes of
the mounds grade steeply at an angle varying between 21° and 33°. Sur-
face observations and ROV video imagery have shown that Challenger
Mound is covered with little to no live coral coverage. Surface sediments
near the top of the mound consist principally of sediment clogged dead
coral framework, coral rubble and other skeletal remains of various organ-
isms (Foubert et al. 2005a; Wheeler et al. 2005b; see also Chap. 7). Shal-
low gravity coring (MD01-2451G) revealed that the upper on-mound
sediments consist mainly of corals embedded in a carbonate-rich matrix,
interspersed with occasional layers of siliciclastic material of ~1 m thick
(Foubert et al. 2007; see also Chap. 6).

The first visualization of Challenger Mound was established on high-
resolution 2D seismic data (Henriet et al. 2002) (Fig. 2.13). Two of the
previously described seismic units (see Sect. 2.1.1), respectively seismic
unit U3 and seismic unit U1, are encountered in the environment of Chal-
lenger Mound (Fig. 2.13). Challenger Mound roots on the regional uncon-
formity RD1 separating seismic units U3 and U1 (Van Rooij et al. 2003;
Van Rooij 2004). The mound appears on seismic profiles as an almost
acoustically transparent dome-shaped structure. The mound is bounded by
diffraction hyperbolae originating at the summit and the flanks of the
mound. Inside the mound, no internal reflectors have been recognized, in-
dicating a uniform facies without any large acoustic impedance differ-
ences. The mound acoustic facies might also be interpreted as a loss of
seismic energy due to scattering or absorption by the rough seabed and in-
ternal structure of the mound. Analysis of velocity pull-ups of single-
channel seismic indicates that the seismic facies of coral banks is homoge-
neous and transparent with an estimated internal velocity of 1850 +/- 50
m/s (De Mol et al. 2002; Henriet et al. 2002). Such a velocity suggests a
carbonate-rich sediment (velocity = 2300 m/s) intermixed with terrigenous
material (velocity = 1700 m/s), as ground-truthed by the superficial sedi-
ment samples (Foubert et al. 2005a). The substratum of the mound is char-
acterized by a set of clinoforms formed by a number of superposed sig-
moid reflectors of seismic unit U3 (Fig. 2.13). These clinoforms are
frequently characterized by a high-amplitude top sigmoid reflector. This
seismic facies is interpreted as migrating sediment drift bodies (Van Rooij
et al. 2003; De Mol et al. 2005). The high amplitude and the reversals of
signal polarity of these top sigmoid reflectors indicate that these clino-
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forms could have contained traces of gas (Henriet et al. 2002) or a remark-
able change in lithology (De Mol et al. 2005, 2007).

The main objectives to drill Challenger Mound, and in particular of in-
terest in this study to unveil the nature and significance of the carbonate
mound record, were (Exp. 307 Scientists 2006d):

e Describe the stratigraphy, lithology and diagenetic characteristics of the
mound sediments to establish a principal depositional model for
carbonate mounds, including the timing of key mound-building phases.
This will help answer the question whether Challenger Mound provides
a present-day analog for understanding ancient mound systems.

o Define the relationship, if any, between the mound-developing events
and global oceanographic events that might have formed the erosional
surfaces as displayed on high-resolution seismic profiles.

Other objectives and interests to drill Challenger Mound but not high-
lighted in this study were (Exp. 307 Scientists 2006d):

e Establish what kind of surface the mound was built on; for instance,
whether the mound base is a carbonate hardground of microbial origin
and whether past geofluid migration acted as a prime trigger for mound
genesis.

¢ Analyse microbiological profiles to define the sequence of microbial
communities and geomicrobial reactions throughout the drilled sections.

It should be mentioned that no specific substrates such as hardgrounds are
encountered at the mound base during the drilling process (Exp. 307 Sci-
entists 2006d). Neither traces of hydrocarbon fluid flow or gas migration
could be found (Exp. 307 Scientists 2006d). The more, it appeared that the
microbiological activity in Challenger Mound is rather low (Exp. 307 Sci-
entists 2006d). However, more research is necessary to fully address these
topics in their palaeoenvironmental context, what is beyond the scope of
this study.

To fulfil the described objectives, five holes where drilled on the north-
western shoulder of Challenger Mound, named as Site U1317 (Exp. 307
Scientists 2006d). Four of the five holes, more exactly Holes U1317A,
U1317B, U1317C and U1317E respectively going from the north-western
flank to the top of Challenger Mound (Figs. 2.12, 2.13), form the main
study object throughout Chaps. 3, 4 and 5. Table 2.1 represents the geo-
graphical coordinates and the technical characteristics of Holes U1317A,
U1317B, U1317C and U1317E.
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Fig. 2.13 High-resolution NNW-SSE seismic profile P000658, illustrating Chal-
lenger Mound and its environmental setting (modified after Henriet et al. 2002,
Van Rooij 2004). The different described units and unconformities are annotated.
The location of the described seismic profile is noted on Figs. 2.12 and 2.16. The
drill location is visualized. Inset show the location of the different holes from the
flank to the top of the mound (modified after De Mol 2002).
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Table 2.1 Geographical coordinates and technical characteristics of Holes
U1317A, U1317B, U1317C and U1317E.

Site/Hole  Latitude Longitude Water Depth  No. of  Penetration
[mbsl] Cores [m]

1317A 51°22.848'N 11°43.108'W 815.1 18 138.8

1317B 51°22.840'N 11°43.092'W 798.0 17 148.2

1317C 51°22.830'N 11°43.076'W 791.7 18 153.0

1317E 51°22.799'N  11°43.058'W 781.1 18 158.6

During 10DP Expedition Leg 307, three standard coring systems were
used: the advanced piston corer (APC), the extended core barrel (XCB)
and the rotary core barrel (RCB). The APC is a hydraulically actuated pis-
ton corer designed to recover relatively undisturbed continuous 9.5 m long
oriented core samples from very soft to firm sediments that cannot be re-
covered well by rotary coring (Fig. 2.14A). The APC inner core barrel is
run to bottom on the coring wireline. Pump pressure is then applied to the
drill pipe, which severs the shear pins and strikes the inner core barrel 9.5
m into the sediment. The inner core barrel containing the core is then re-
trieved by wireline. A wireline packoff at the top of the drill string permits
rotation of the drill string and continued circulation while the core is re-
trieved. After core retrieval, the bit and bottom-hole assembly (BHA) are
again advanced 9.5 m, repeating the process. The RCB is a rotary coring
system designed to recover core samples from firm to hard sediments and
igneous basement (Fig. 2.14B). The RCB is crucial for oceanic crustal
hard rock studies. The RCB inner core barrel freely falls (and is pumped)
through the drill string and latches into the RCB bottom-hole assembly
(BHA). The main RCB bit trims the core. The BHA, including the bit and
outer core barrel, is rotated with the drill string while bearings allow the
inner core barrel to remain stationary. The inner core barrel can hold a 9.5
m core and is retrieved by wireline. The XCB coring system is used in
sedimentological, climate, and palaeoceanographic studies dealing with
firm sediments (Fig. 2.14C). The XCB is used to recover 9.5 m long core
samples from soft to moderately hard formations. The XCB is typically
deployed when the formation becomes too stiff to piston core (i.e., upon
piston coring "refusal™) or when it is not hard enough to permit efficient
recovery with the RCB. The XCB cutting shoe extends ahead of the main
bit in soft sediments but retracts into the main bit as the weight on bit in-
creases when firm lithologies are encountered. The XCB uses the same
BHA as the APC. The XCB relies on rotation of the drill string to advance
the hole, and an integral cutting shoe trims the core sample at the same
time. These standard coring systems and their characteristics are in detail
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summarized in a number of Ocean Drilling Program (ODP) technical notes
(http://iodp.tamu.edu/tools/).

Fig. 2.14 Schematic illustrations of different coring techniques used during I0DP
Expedition Leg 307: (A) Advanced Piston Coring (APC), (B) Rotary Core Barrel
(RCB) and (C) Extended Core Barrel (XCB) (after http://iodp.tamu.edu/tools/).
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During IODP Expedition Leg 307, APC was mainly used to recover the
mound sediments. Most cored intervals were ~9.5 m long, which is the
length of a standard core barrel. Cores of ~9.5 m long were subsequently
split in sections of ~1.5 m length. Drilled intervals are referred to in this
study as metres below sea-floor (mbsf). Drilling deformation can occur as
sediment disturbance, including the concave downward appearance of
horizontal bedding, haphazard mixing of lumps of different lithologies
(mainly at the top of the cores), fluidization and flow-in (Exp. 307 Scien-
tists 2006b). The latter three disturbances can be in particular severe dur-
ing XCB and RCB drilling, resulting in typical "biscuit-structures". How-
ever, such extensive deformations were filtered out during processing of
the data. Throughout this study, the numbering of sites, holes, cores and
samples was used following the standard I0DP procedure (Exp. 307 Sci-
entists 2006b). For example, a sample identification of 307-U1317A-1H-1,
10-12 cm, represents a sample removed from the interval between 10 and
12 cm below the top of Section 1, Core 1 (H designate this core was taken
with APC) of Hole U1316A during Expedition 307.

Hole U1317A (51°22.848'N, 11°43.108'W) is localized at a calculated
water depth of 815.1 m. Sixteen APC cores advanced to 130.80 mbsf. In a
second phase, the coring assembly was switched to extended core barrel
(XCB) and two XCB cores advanced an additional 8 m to a total depth in
Hole U1317A of 138.80 mbsf. Hole U1317B (51°22.840'N, 11°43.092'W)
is situated 23 m SE of Hole U1317A at a calculated water depth of 798 m.
Sixteen APC cores advanced to 145.20 mbsf. Subsequently, the coring as-
sembly was switched to XCB for one core, which advanced only 3 m, for a
total depth of 148.20 mbsf in Hole U1317B. Hole U1317C (51°22.830'N,
11°43.076'W) is located 26 m SE of Hole U1317B at a calculated water
depth of 791.7 m. APC coring recovered seventeen APC cores advanced to
a depth of 150.80 mbsf. The coring assembly was switched to XCB for one
core, which advanced only 2.2 m, for a total depth in Hole U1317C of
153.00 mbsf. Hole U1317E is situated 60 m SSE of Hole U1317C at a cal-
culated water depth of 781.1 m close to the summit of the mound. Eighteen
APC cores were recovered, penetrating until a depth of 158.60 mbsf. For
more detailed technical specifications of the cored holes, the reader is re-
ferred to the "Proceedings of the Integrated Ocean Drilling Program, Vol-
ume 307" (Ferdelman et al. 2006).
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2.3 Drilling the off-mound regions

Besides drilling Challenger Mound during I0DP Expedition Leg 307
aboard the R/V JOIDES Resolution, two off-mound sites were drilled to
gain information about the palaeoenvironmental setting of the surround-
ings of Challenger Mound (Exp. 307 Scientists 2006¢, 2006e). In this
chapter both off-mound sites, Site U1316 and Site U1318 respectively lo-
cated downslope and upslope of Challenger Mound, will be shortly pre-
sented.

2.3.1 Site U1316

Site U1316 (51°22.56'N, 11°43.81'W; 965 m water depth) is located in the
downslope sediment deposits ~700 m south-west of Challenger Mound
(Fig. 2.12). Surface sediments at Site U1316 are characterized by a patchy
distribution of gravel- to boulder-sized material (interpreted as dropstones)
on a rippled to unrippled sandy seabed associated with scouring features
and gravel patches attesting an intensive and erosive northward-flowing
bottom current regime in these areas (Foubert et al. 2005a; Wheeler et al.
2005b; see also Chap. 7). Shallow piston coring (MDO01-2450) recovered
12 m of silty clay with common to abundant nannofossils (Foubert et al.
2007; see also Chap. 6). Fine to medium sandy intercalations and a few
centimetre-scaled silty layers are present between the silty clays. The
sediments at this site are interpreted as drift sediments (Van Rooij et al.
2003; Foubert et al. 2007; Van Rooij et al. 2007a, 2007b; see also Chap.
7). The presence of a turbidite layer evidences a complex sedimentological
and hydrodynamic environment whereby the interaction between
alongslope and downslope sedimentological processes plays an important
role. Only seismic units U3 and U1 are encountered at Site U1316, sepa-
rated by the regional erosional unconformity RD1 (Fig. 2.15). Scouring
and moat features around the mound suggest that the mound had already a
substantial height before the surrounding drift sediments were deposited
(Van Rooij et al. 2003).

The principal objective to drill Site U1316 during IODP Expedition Leg
307 and to incorporate the study of Site U1316 in this work was to gain in-
sight into the history of the drift deposits at the downslope flank of Chal-
lenger Mound. Because of the close proximity of the site to Challenger
Mound, the Quaternary deposits at Site U1316 should yield information on
the development of the mound itself as well as the depositional history of
the mound environment.
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Fig. 2.15 High-resolution NNW-SSE seismic profile PO00660, illustrating the
downslope sediments off Challenger Mound (modified after VVan Rooij 2004). The
different described units and unconformities are annotated. The location of the de-
scribed seismic profile is noted on Figs. 2.12 and 2.16. The drill location is visual-

ized.
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Three holes were drilled at Site U1316 but only Hole U1316A will be
described and highlighted in this study (Fig. 2.12). Table 2.2 represents the
geographical coordinates and the technical characteristics of Hole
U1316A. Hole U1316A (51°22.551'N, 11°43.803'W) is located at a calcu-
lated water depth of 948.8 m. Eight APC cores advanced to 66.30 mbsf.
From this depth on, the coring assembly was switched to XCB, and 13
XCB cores advanced an additional 67.7 m to a total depth of 134.00 mbsf.

Table 2.2 Geographical coordinates and technical characteristics of Holes
U1316A and U1318B.

Site/Hole  Latitude Longitude Water Depth No. of Penetration
[mbsl] Cores [m]

1316A 51°22.551'N  11°43.803'W 9484 21 134

1318B 51°26.148'N  11°33.019'W  408.8 27 244.6

2.3.2 Site U1318

Site U1318 (51°26.16'N, 11°33.0'W; 423 m water depth) is located 13 km
NE of Challenger Mound on the south-west continental margin of Ireland
(Fig. 2.16). Van Rooij et al. (2003) interpreted the sediments upslope of
Challenger Mound in the neighbourhood of Site U1318 as contourite or
drift deposits. Fig. 2.17 represents a seismic profile through Site U1318,
visualizing the three encountered seismic units U3, U2 and U1. The seis-
mic units U1 and U2, and U2 and U3 are separated respectively by the de-
scribed RD1 and RD2 disconformities (see also Chap. 2.1.1). Unit U3 is
characterized by a series of parallel, continuous layers of low amplitude.
At this site, the base of unit U3 is formed by a series of sigmoid-shaped
bodies. Unit U2 is characterized by a nearly transparent acoustic facies on
top of the erosional unconformity RD2. Only a few sets of continuous,
relatively high amplitude reflectors are observed in unit U2. The upper-
most seismic unit U1, characterized by slightly upslope migrating wavy
parallel reflectors, represents Quaternary drift deposits (Van Rooij et al.
2003).

The principal objective to drill Site U1318 and to incorporate the study
of Site U1318 in this work was to recover the sediments from the seismic
units U2 and U3 to refine the palaeoenvironmental history before the onset
of mound growth, or more exactly before the initiation of the growth of
Challenger Mound.



50 2 Challenger Mound: a case study

Only Hole U1318B (51°26.148'N, 11°33.019'W), located at a water
depth of 408.8 m, from the three Holes drilled at Site U1318 is retained in
this study. The geographical coordinates and the technical characteristics
of Hole U1318B are presented on Table 2.2. Fourteen APC cores ad-
vanced to 128.50 mbsf. Thirteen XCB cores advanced an additional 116.1
m to a total depth of 244.60 mbsf.

Fig. 2.16 Bathymetric map showing the location of the IODP Holes (on-mound
Site U1317 and off-mound Sites U1316 and U1318) (red stars) and the seismic
lines visualized on Figs. 2.6, 2.13, 2.15 and 2.17. Contour interval set at 100 m.
Map is based on GEBCO bathymetry.
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Fig. 2.17 High-resolution NNW-SSE seismic profile P010520, illustrating the up-
slope sediments off Challenger Mound (modified after VVan Rooij et al. 2004). The
different described units and unconformities are annotated. The location of the de-
scribed seismic profile is noted on Fig. 2.16. The drill location is visualized.
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Summary

During IODP Expedition Leg 307 aboard the R/VV JOIDES Resolution,
three sites were drilled: (1) the flanks and top of Challenger Mound (Site
U1317), (2) the sediments downslope of Challenger Mound (Site U1316)
and (3) the sediments upslope of Challenger Mound (Site U1318). At each
site, different holes were recovered from which Holes U1317A, U1317B,
U1317C, U1317E, U1316A and U1318B are studied in detail throughout
Chaps. 3, 4 and 5.

Challenger Mound is a 150 m high carbonate mound and belongs to
one of the 66 carbonate mounds encountered in the Belgica Mound Prov-
ince at the eastern margin of Porcupine Seabight, SW of Ireland.

Porcupine Seabight can be interpreted as a basin structure (Porcupine
Basin) formed as a Middle to Late Jurassic failed rift of the proto-North
Atlantic Ocean. The centre of the basin is filled with more than 6 km of
sediment deposited during the Cenozoic post-rift period. Following the
STRATAGEM nomenclature (2002, 2003) four megasequences RPa,
RPb, RPc and RPd can be distinguished separated from each other by re-
spectively the C10, C20 and C30 unconformities (Evans et al. 2005).
Van Rooij et al. (2003, 2007a, 2007b), Van Rooij (2004), De Mol (2002)
and De Mol et al. (2002) developed a more detailed seismostratigraphic
framework for the eastern margin of Porcupine Seabight. They distin-
guished four seismic units (U1, U2, U3 and U4) separated from each
other by three unconformities (RD1, RD2 and RD3).

Sidescan sonar records evidence that the Belgica Mounds are occurring
in a very dynamic environment influenced by rather strong bottom cur-
rents.

The Belgica Mounds are located within the depth range of Mediterra-
nean Outflow Water (MOW). The mean residual current is directed
along the local slope (mainly northwards). Benthic physical processes,
such as internal waves and bottom intensified diurnal currents, are re-
sponsible for enhanced currents at the eastern margin of Porcupine
Seabight (Belgica Mound Province).
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Visual information is one of the most important data sources in geo-
sciences. Indeed, the earth and planetary sciences are founded on the di-
rect observation of natural systems. Different visualization and imaging
techniques have been developed through history, going from sketches
drawn in the field, or descriptions of microscopic slides to well-advanced
digital imaging systems. Technological breakthroughs made it possible to
look behind microscopic and macroscopic scales and to step from a two-
dimensional to a three-dimensional visualization world, producing novel
ways to inspect, characterize and analyse natural materials.

Digital imaging systems make it possible to visualize a high amount of
information on a high resolution in a short time-span, creating enormous
and detailed data sets. So, the development of well-advanced image analy-
sis techniques, extracting guantitative information from images captured
in digital form, is necessary to cope with the enormous amount of digital
data sets. Digital imaging and image analysis can be important in the pa-
laeoenvironmental studies of sediments. A comprehensive overview of dif-
ferent image analysis technigues and two-dimensional imaging systems for
sediments and their palaeoenvironments is presented in the book entitled
"Image Analysis, Sediments and Palaeoenvironments”, edited by Francus
(2004). A state-of-the-art review of the applications and techniques for
three-dimensional imaging of earth and planetary materials is given by
Carlson (2006).

In this chapter the mound sediments will be described and visualized in
detail. Standard description techniques (analogue core description, analy-
sis of smear slides) and standard imaging techniques (measurement of the
colour reflectance, digital pictures of the core surface) were used aboard
the R/V JOIDES Resolution to identify the lithology of the mound sedi-
ments in a first phase. In a second stage, X-ray computed automated to-
mography (CT) was used on macro- and micro-scale in specialized shore
based laboratories to visualize the mound sediments in a three-
dimensional environment.
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3.1 Methodology

3.1.1 Shipboard measurements

Archive half sections from the holes at Sites U1316, U1317 and U1318
were described visually and by means of smear slides at specific depths,
onboard the R/V JOIDES Resolution during IODP Expedition Leg 307.
Only Holes U1317B and U1317E were retained from lithological descrip-
tions onboard. The coral-bearing cores posed problems for conventional
coral splitting in that the wire drags coral pieces up to the core face or
breaks them into fragments. Sawing unfrozen cores produced a surface
layer of grime, coral fragments, and matrix that could not be scraped off
without damaging the sedimentary structures (Exp. 307 Scientists 2006b).
Tests carried out on coral-bearing gravity cores, collected and studied in
detail in the same region before IODP Expedition Leg 307, showed that
freezing the cores before splitting enhances the splitting procedure creating
undamaged half sections with a clean split surface (Dorschel et al. 2005;
Foubert et al. 2007). So, core sections from Holes U1317B, U1317C and
U1317E were frozen before splitting. However, due to the limited freezing
capacity aboard the R/V JOIDES Resolution, only Hole U1317C could be
completely frozen, split and described during IODP Expedition Leg 307.
Cores from Holes U1317B and U1317E were frozen and split at the IODP
Gulf Coast Core Repository and described during a special description ses-
sion at the IODP Bremen Core Repository. Visual core description forms
were used to summarize the visual core descriptions. Cores were described
according to the IODP conventions with some modifications for the typical
coral-bearing sediments recovered during IODP Expedition Leg 307 (EXp.
307 Scientists 2006b). To enhance the lithological core descriptions and
the descriptions of the smear slides in terms of mineralogy, X-ray diffrac-
tion analyses (XRD) were carried out aboard on bulk sediment samples at
specific depth intervals. The visual core description forms were digitally
stored in barrel sheets using the software "Applecore”. The barrel sheets
and a description of the cores and the smearslides are presented in the
"Proceedings of the Integrated Ocean Drilling Program, Volume 307"
(Ferdelman et al. 2006). Only the aspects relevant for this PhD study will
be highlighted in this chapter.

Colour was determined visually at first, using the Munsell Color Com-
pany (1994) colour chart. In addition, colour was measured with a Minolta
CM-2002 spectrophotometer mounted on an automated track (Exp. 307
Scientists 2006b) on the cores from all the holes at Sites U1316 and U1318
and on the cores from Holes U1317A and U1317C. The measurements
were carried out on a damp core surface, and clear plastic film was used to
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cover the core. The Minolta CM-2002 measures reflected visible light in
thirty-one 10 nm wide bands ranging from 400 to 700 nm. Routine meas-
urements were made with a resolution of 2 cm. Complete cores, core sec-
tions and specific intervals of special interest were pictured with a track-
mounted Kodak DCS 460 digital camera.

3.1.2 Shore based measurements: X-ray computed tomography

X-ray computed tomography (CT) on different scales made it possible to
visualize and quantify the sediments, the main framework builders and the
porosity of Challenger Mound in three dimensions. Computed tomography
(CT) is a technique developed in medical sciences, evolved from the tradi-
tional X-ray radiography. The mathematical principle of computed tomo-
graphy (CT) was developed in the early 20" century by Radon. In the early
seventies, A.M. Cormack and G.N. Hounsfield, who received in 1979 the
Nobel Price for Medicine, built the first computed tomography (CT) scan-
ner also known as the Computed Axial Tomography (CAT) scanner. Soon
after the use of the first medical Computed Axial Tomography (CAT)
scanners became widespread in the eighties, medical machines and proto-
cols were adapted to address three-dimensional X-ray imaging in engineer-
ing and material sciences and in the earth and planetary sciences (Carlson
2006). Cnudde (2006) and Cnudde et al. (2006) give an overview of the
recent progress in X-ray CT as a geosciences tool and summarize the tech-
nical details of the use of X-ray CT in earth sciences.

X-ray computed tomography provides a non-destructive three-
dimensional characterization of materials, creating images that map the
variation of X-ray attenuation within objects. All CT devices are based on
the same principle: the object is positioned between an X-ray source and
X-ray detector. X-rays illuminate the object along multiple intersecting
paths to measure the reduction in beam intensity (attenuation) along each
of these paths. The X-ray transmission through an object is function of the
composition (effective atomic number), the density and the thickness of
the measured materials. For each X-ray path, the total linear attenuation
coefficient is the sum of the attenuation coefficients of each element in the
path. Attenuation measurements are made during a rotational motion of the
sample relative to the source-detector system, which provides views of the
object from multiple angles (between 0° and 360°). From these data a two-
dimensional image can be reconstructed that maps the linear X-ray at-
tenuation coefficients in the object's interior, in the plane of the X-ray
beam. Such a two-dimensional image is called a "slice", which has given
"tomography" its name (from the Greek "tomos", which means "slice, sec-
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tion") (Carlson 2006). Stacking contiguous two-dimensional slices pro-
duces a three-dimensional image, visualized by means of isosurfing, vol-
ume rendering or animation with specialized visualization software. The
spatial resolution of the images depends on different factors, such as the
magnification M (= ratio of the distance between source and detector over
the distance between source and sample), the focal spot size of the X-ray
tube, the pixel size of the detector and physical phenomena like X-ray scat-
tering and interaction between the detector pixels. In the ideal case the
resolution is determined by the pixel size of the detector divided by the
magnification of the system, the best achievable spatial resolution equaling
the X-ray spot size (in case of detector pixels smaller than the X-ray spot,
the best resolution is equal to the pixel size of the detector) (Cnudde et al.
2006).

Medical CT scanning

In a first stage, the medical CT scanner SOMATOM Sensation 64 from
Siemens, installed at their Medical Solutions research centre in Forchheim
(Germany), was used to get a general idea about the amount of coral frag-
ments in whole-core sections. The SOMATOM Sensation 64 medical
scanner uses a rotating detector-source system that revolves around the ob-
ject, consisting of a STRATON 80 kW X-ray tube and Ultra Fast Ceramic
(UFC) multi-row detectors (Fig. 3.1) (www.medical.siemens.com).

Fig. 3.1 A Picture of the Siemens SOMATOM Sensation 64 medical scanner
(modified after www.medical.siemens.com). B Schematic illustration presenting
the typical measure set-up used during classical medical CT scanning.

In total, 17 whole-core sections were scanned from Hole U1317E (Sec-
tions 307-1317E-8H-2 to 6, 307-1317E-9H-2 to 6, 307-1317E-16H-1 to 5,
and 307-1317E-17H-1 to 4) with a spatial resolution of 400 um. Image re-
construction was carried out using the Siemens software SureView
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(www.medical.siemens.com) using reconstructed slice widths of 0.6 mm.
Processing of the images was carried out by using the visualization soft-
ware VGStudio MAX (www.volumegraphics.com) and the Siemens soft-
ware SOMARIS, allowing interactive rendering and real-time 3D process-
ing of the acquired data sets. The toolkit Morpho+, developed at the X-ray
Radiography and Tomography Facility at the Institute for Nuclear Sciences
from the University Ghent (UGCT) (www.ugct.ugent.be), was used for de-
tailed three-dimensional analysis (i.e. quantification of the coral frag-
ments) of the reconstructed volume data sets (Vlassenbroeck et al. in
press).

Micro-CT scanning

In a second step, small-scaled structures of the mound sediments (porosity,
small biogenic fragments and matrix) were visualized with a micro-CT
scanner installed and developed at the X-ray Radiography and Tomogra-
phy Facility at the Institute for Nuclear Sciences of the University Ghent
(UGCT). Medical scanners are not suited to study objects with high resolu-
tion due to their large X-ray spot. A smaller spot can only be realized if the
electron current in the X-ray tube is reduced, what is achieved in micro-CT
scanners. Most of the micro-CT scanners use a system where the object is
rotated in the X-ray beam, in contrast to medical scanners where the
source-detector system is moving around the object. The micro-CT scan-
ner set-up at the UGCT is described in detail by Masschaele et al. (subm.)
and presented on Fig. 3.2. During the measurements a state-of-the-art
FXE-160.50 dual head open type X-ray source from Feinfocus was used
with a maximum power of 150 W and a remote Rad-eye EV detector from
Rad-icon (a CMOS sensor with 1024 by 512 pixels (48 um by 48 pm)).

Fig. 3.2 A Picture of the set-up of the micro-CT scanner installed at the UGCT
(Masschaele et al. subm.). B Schematic illustration of the set-up of a micro-CT
scanner (modified after Cnudde 2006).
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In total, 12 subsamples at specific depths in 12 sections from Hole
U1317A were scanned with a spatial resolution of 14 um (Sections 307-
1317A-1H-3, 307-1317A-2H-3, 307- 1317A-4H-4, 307-1317A-5H-3, 307-
1317A-6H-3, 307-1317A-7H-3, 307-1317A-8H-3, 307-1317A-9H-3, 307-
1317A-10H-3, 307-1317A-11H-3, 307-1317A-13H-3, and 307-1317A-
14H-3). Subsamples were taken along the z-axis (from top to bottom) of
the core sections in plastic tubes with a diameter of 10 mm and a length of
30 mm. To minimize sediment deformation and distortion by pushing the
plastic tubes in the sediments, parts of the sediments were carefully cut out
before. The series of radiographs provided by the micro-CT system were
converted into two-dimensional cross-sections of the scanned samples by
means of the reconstruction software Octopus (www.xraylab.com; Dierick
et al. 2004). Three-dimensional processing of the data and volume render-
ing was carried out using the visualization software VGStudio MAX
(www.volumegraphics.com). Morpho+ was used for detailed three-
dimensional analysis (i.e. porosity analysis and quantification of bioclastic
fragments) of the reconstructed volume data sets (www.ugct.ugent.be)
(Vlassenbroeck et al. in press).

3.2 Cyclic record of the carbonate mound

The cores recovered on Challenger Mound (Site U1317) during IODP Ex-
pedition Leg 307 (Fig. 2.12), consist of two major sedimentological units
separated from each other by a sharp firmground representing a major hia-
tus and identified as the mound base (Exp. 307 Scientists 2006d). On the
one hand a coral-bearing unit constitutes the mound sediments themselves,
while compacted and partly cemented silt is underlying the mound sedi-
ments. In this chapter only the sediments above the mound base will be de-
scribed and discussed in detail.

3.2.1 Spectral colour reflectance

Figure 3.3 represents the colour reflectance data (expressed as percent
lightness) from Holes U1317A and U1317C, and a stack of the digital im-
ages from Holes U1317A, U1317B, U1317C and U1317E. One of the
most important observations is the cyclicity noted in the digital images
stacks and the colour reflectance scans. An alternation between dark green
and light grey intervals is clearly observed.



3.2 Cyclic record of the carbonate mound 59

Fig. 3.3 Colour reflectance (L*) of Holes U1317A and U1317E and image stacks
of Holes U1317A, U1317B, U1317C and U1317E in function of depth (mbsf). Ar-
rows indicate semi-lithified horizons. Grey lines represent raw records. Black lines
represent smoothed records (7-points running mean). Note that the lightness pa-
rameters (while taking pictures) were not always the same for different holes but
remained constant within the same hole.

Ortiz et al. (1999) has shown that diffuse spectral reflectance data can
be a qualitative proxy for the percentage of carbonate content in the sedi-
ments. Indeed, by comparing the reflectance data of Hole U1317A with
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sediment carbonate contents determined on discrete samples (see Sect.
4.3.1), a positive correlation is observed (Fig. 3.4). Comparing the reflec-
tance data with the geochemical properties, as discussed in Sect. 4.3, con-
firms the statement that varying carbonate contents play an important role
in the observed cyclicity. Percent reflectance data at ODP Sites 980
through 984 in the North Atlantic Ocean show a similar systematic rela-
tionship to sediment bulk calcium carbonate content (Ortiz et al. 1999),
whereby higher sediment reflectance (“brightness™) is associated with
greater sediment bulk calcium carbonate content. In addition, sediments
further to the east (ODP Sites 980/981 (Feni Drift, Rockall) and 982 (Hat-
ton-Rockall Basin)) exhibit greater variations in percent reflectance than
sediments from the west (ODP Sites 983 and 984 (Bjorn Drift)). Further-
more, most of the cycles have a saw-tooth like pattern with lightness val-
ues becoming progressively lighter from the bottom to the top followed by
a rather abrupt decrease to darker values.

Fig. 3.4 Colour reflectance (percentage lightness L*) in function of bulk carbonate
content (percentage CaCO3) determined on discrete samples from Hole U1317A.

By examining the lithology of the opened core sections on a macro-
scopic scale, the mound sediments can be described as a facies of cold-
water coral fragments and biogenic fragments embedded in an alternating
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light grey carbonate-rich matrix (Fig. 3.5) to greenish grey siliciclastic-rich
matrix (Fig. 3.5). The matrix is defined as carbonate-rich when the sedi-
ments contain >50% carbonate, whereas siliciclastic sediments are defined
as containing >50% siliciclastic grains (Exp. 307 Scientists 2006b). So, the
carbonate/siliciclastic component ratio plays an important role in the ma-
trix sediments responsible for the observed cyclicity in the colour reflec-
tance records and the image stacks.

Fig. 3.5 Images representing typical lithologies encountered in the mound sedi-
ments and around the mound base.

For the initial textural classification of the mound sediments, the
Dunham (1962) classification of limestones was used, modified by Embry
and Klovan (1971) and adapted to the carbonate sediments drilled during
IODP Expedition Leg 307 (Exp. 307 Scientists 2006b) (Fig. 3.6). Accord-
ing to this classification scheme, the sediments can be mainly described as
an unlithified floatstone with cold-water coral fragments embedded in an
unlithified packstone, wackestone to mudstone matrix. In addition to the
coral fragments, other biogenic fragments (such as bivalve and gastropod
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shells, echinoid spines, etc.) could be recognized macroscopically. As
cold-water coral fragments are supposed to be autochthonous, the mound
sediments can be better described biologically as an unlithified bafflestone
with an unlithified packstone, wackestone to mudstone matrix. However,
the modified Dunham classification should be used with care because the
mound sediments are composed of a mixture of carbonate and siliciclastic
material. A descriptive classification system for mixed carbonate-
siliciclastic rocks was proposed by Mount (1985) using four components:
(1) siliciclastic sand (sand-sized quartz, feldspar, etc.), (2) non-carbonate
mud (mixtures of silt and clay), (3) carbonate grains or allochems (peloids,
ooids, bioclasts and intraclasts >20 um in size) and (4) carbonate mud (or
micrite, defined as <20 um in size). The name of the sediment reflects both
the dominant grain type and the most abundant antithetic component. Tak-
ing into account this classification scheme, the mound sediments can be
described as an alternation between unlithified allochemic mudrock,
unlithified muddy allochem limestone and unlithified muddy micrite. A
disadvantage of this classification system is the term "allochem”, as the
cold-water coral fragments are obviously autochthonous. However, the
Mount classification is adequate for the matrix sediments.

Fig. 3.6 The Dunham (1962) classification of limestones according to depositional
texture, as modified by Embry and Klovan (1971) and adapted to the carbonate
sediments drilled during IODP Expedition Leg 307 (Exp. 307 Scientists 2006b).

The term "unlithified" should be interpreted carefully. Most of the
mound sediments are indeed "soft" and "unlithified", but some "semi-
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lithified" horizons less than 1 m thick are occurring in the lighter coloured
intervals (Fig. 3.5). The semi-lithified identified horizons in Holes
U1317A, U1317B, U1317C and U1317E are indicated by black arrows on
Fig. 3.3. Coral-free intervals consisting of brown sandy to clayey silt are
rarely observed. Occasionally, larger lithoclasts such as dropstones occur.
They appear to be more frequent in the topmost layers of Holes U1317C
and U1317B. Erosional surfaces generally occur on top of the lighter col-
oured intervals. Typical burrow features are present in the semi-lithified
horizons. The burrow features are filled with sediments and in many cases
coated by a sub-millimetre thin fringe of pyrite. It appears that in the semi-
lithified layers, the partly cemented matrix is cross-cut by surfaces that
show an irregular outline and that are coated locally by a sub-millimetre
thin layer of iron sulphides. The surfaces that cross-cut the marine cements
can be interpreted as corrosion surfaces resulting from early post-
depositional dissolution in marine-derived pore fluids (Tobin and Walker
1996). The mound base can be described as a "firmground™ or "consoli-
dated" sediment representing an erosional horizon and overlain by a basal
succession of fragmented coral debris in a packstone matrix (Fig. 3.5),
rather than embedding large cold-water coral fragments as observed at the
centre of the mound body.

Finally, it has to be mentioned that the image stacks show an increasing
thickness of the mound sediments from Hole U1317A towards Hole
U1317E, so increasing from the flank to the top of the mound (Fig. 3.3).

3.2.2 What's in the matrix?

As the matrix plays an important role in the origin of the cyclic character
of the reflectance records (Sect. 3.2.1) and the geophysical and geochemi-
cal records (Chap. 4), it is important to have a closer look at these matrix
sediments. The matrix sediments can be divided in two categories: a bio-
genic (carbonate-rich) fraction versus a terrigenous (siliciclastic) fraction.
The changing ratio between these two fractions is responsible for the ob-
served cycles.

Biogenic (carbonate-rich) fraction

The carbonate content from the matrix of the mound sediments is domi-
nantly caused by calcareous nannofossil ooze of mainly coccoliths (Fig.
3.7A-B). Besides the nannofossil ooze, a high amount of micro-bioclasts
are present: small fragmented cold-water coral debris, parts of small echi-
noderms, sponge spiculae, radiolarians, planktonic and benthic foraminif-
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era, gastropods, bivalves and other small unidentified biogenic fragments
(Fig. 3.7C-1).

Fig. 3.7 SEM pictures (Léonide 2006) (A-F) and uCT scans (G-1) from bioclasts
in the mound sediments: (A-B) coccoliths (C) radiolarian (D) sponge spiculae (E)
echinoid spine (F) foraminifera (G-H-I) foraminifera, bivalve and echinoderm

fragments in micritic matrix.
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Shipboard XRD analyses show the presence of calcite, aragonite and
dolomite in the matrix (Fig. 3.8A). The aragonite is likely to be derived
from the corals and to a lesser extent from molluscs, while the pure calcite
is mainly coming from the nannofossils (coccolithophorids). A certain
amount of diagenetic low-Mg calcite can not be excluded (see Chap. 4) but
is limited to minor cryptocrystalline to microsparitic cements in the semi-
lithified horizons. On the coccolith surfaces syntaxial overgrowth of tiny
calcite crystals is noted (Fig. 3.7A-B). Additionally, microsparitic rim ce-
ments are sporadically observed at the interior walls of foraminifera. The
dolomite can have a detrital or diagenetic origin, but is likely to be detrital
(see below).

Fig. 3.8 A XRD profile from matrix sediments (Exp. 307 Scientists 2006d). B
Smearslide from matrix with dominantly coccoliths and clay-sized grains and mi-
nor amouns of quartz and dolomite. C Thin section from mud matrix with forams
and silt-sized quartz grains.
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Terrigenous (siliciclastic) fraction

Data from smear slides and XRD analysis show that fine sands and silts
are characterized by a dominantly quartz composition with secondary po-
tassium and plagioclase (albite) feldspar (Fig. 3.8). Clay minerals are
abundant in the mound sediments and have the same association through-
out the whole mound succession, consisting dominantly of illite, kaolinite
and chlorite (Léonide 2006). Silt-sized grains of glauconite are also com-
monly observed. The detrital sediments can be classified as very immature,
characteristic for detrital material from nearby sources. Heavy mineral
grains are present in minor amounts, including zircon, tourmaline, occa-
sional spinel, and possible rutile. Individual corroded, decimicron-sized
carbonate rhombs in smear slides and minor amounts of stoichiometric
dolomite in X-ray diffraction samples, suggests the presence of detrital
dolomite (Fig. 3.8). It should be mentioned that Léonide (2006) and Taka-
shima (2006) highlighted an important fraction of framboidal and mono-
clinic pyrite in the mound sediments, which is confirmed by detailed rock
magnetic analyses in Sect. 5.3.1. This pyrite has a diagenetic origin.

3.3 Cold-water corals: the framework builders

As mentioned before, the main framework builders throughout the mound
body are cold-water corals. The cold-water coral fragments are randomly
orientated in the matrix and can have branch lengths up to 8 cm. The larg-
est coral diameters were recovered from Hole U1317E, closest to the
mound summit. Most of the coral fragments are identified as the species
Lophelia pertusa. Some minor to rare occurrences of Madrepora oculata
and Desmophyllum cristagalli are noted.

3.3.1 Quantification of coral fragments

Despite the fact that cold-water corals are observed through the whole
mound body, the density and the amount of coral fragments is changing.
To get an idea about the amount of cold-water corals in the core sections,
two quantification techniques, based on the analysis of digital images,
were developed and compared with each other.

In a first phase, corals were quantified on two-dimensional high-
resolution digital images of the surface of the split core sections from Hole
U1317E. Quantitative analysis of digital images involves three major
steps: image acquisition, image processing and image measurements
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(Francus 2004). It is emphasized that the quality of the image must be the
best possible before any processing or quantitative measurements are un-
dertaken. So, image acquisition is the most crucial phase. The magnifica-
tion, resolution and size of the image has to be chosen in such a way that
the smallest features which have to be quantified can be detected, still con-
sidering the largest feature that will be encountered and the representativ-
ity of the image with respect to the overall sample. A digital image can be
described as a collection of individual, non-overlapping elements or pixels
that have distinct intensities (grey scale or colour) indicating the different
colour phases of the material. These pixels have a finite area. Pixels strad-
dling a boundary effectively average the brightness levels of two regions
and possess an intermediate brightness depending on how the pixels posi-
tion with respect to the boundary (Russ 2002). The resolution of the image
indicates the size of the pixels, a high resolution meaning that small pixels
are used. The higher the resolution and the more discerned grey levels in
the image, the more accurate the boundaries between different materials
can be visualized. Another important factor that has to be considered dur-
ing image acquisition is the illumination: variations of the light intensity
have to be kept at a minimum. To obtain high-resolution digital images,
the split core sections of Hole U1317E were re-measured with a colour
line scan imaging system (consisting of a custom built 3*1024 CCD line
scan imaging system) installed at the IODP Bremen Core Repository
(BCR). The images have a resolution of 149 dpi (TIFF format), each pic-
ture representing split core surfaces of 150 cm long and 7.5 cm wide. To
obtain quantitative information on a higher spatial resolution, the pictures
were subdivided into slices of 10 cm length. The picture size and resolu-
tion were chosen in such a way that the pictures are large enough to show
the typical coral distribution pattern and small enough to detect small coral
fragments. In a second step, the pictures were processed with standardized
filter sets in Photoshop CS to subsequently reduce noise and enhance the
signal-noise ratio in the images, to manipulate the contrast/brightness lev-
els and to convert the original pictures to greyscale pictures. After filtering
the records, segmentation is one of the most critical steps in the process of
transferring images into quantitative information. Image segmentation
converts a grey-scale image into a two-phase black-and-white (binary) im-
age. Segmentation of the images was carried out by a single thresholding
technique using the software package AnalySIS, converting the grey-scale
images into a black-and-white picture, whereby background sediments are
black (0) and corals are white (1). Finally, the amount of coral fragments
was determined in each picture as the percentage of white pixels, coincid-
ing with the surface percentage of cold-water coral fragments. A total
amount of 1495 surface pictures were analysed in Hole U1317E. The sur-
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face percentage of cold-water coral fragments in each picture is presented
in function of the depth on Fig. 3.9.

Fig. 3.9 Left panel: Surface percentage of coral determined on two-dimensional
surface pictures of split core sections and image stack in function of depth (mbsf)
for Hole U1317E. Grey line represents raw records. Black line represents
smoothed record (7-points running mean). Right panel: Volume percentage of
coral determined on medical CT scans from whole-round Sections 307-1317E-8H-
2 to 6, 307-1317E-9H-2 to 4 and corresponding image stack in function of depth
(mbsf). Grey line represents raw record. Black line represent smoothed record.
Red line represents corresponding surface percentages.

Surface percentages are varying between 0% and 12%, with an average
value of 4.5%. In total 12 cycles of sharply increasing followed by slowly
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decreasing coral quantity trends could be recognized from the bottom to
the top of the core (Fig. 3.9). However, by comparing the image stacks
with the surface percentage coral quantity no distinct correlation could be
observed between the alternating darker and lighter intervals and the coral
guantity cycles.

In a second phase, corals were quantified on the medical computer to-
mographic (CT) scans to estimate the amount of corals in whole-core sec-
tions and to check the representativeness of the two-dimensional quantita-
tive information extracted from the digital pictures of the split core
surfaces. The same steps involved in two-dimensional image analysis,
have to be repeated in three-dimensional image analysis. However some
substantial processing steps have to be added to convert the two-
dimensional information in three dimensions. In a three-dimensional im-
age, pixels become voxels (cubes). Image acquisition is described in detail
in Sect. 3.2.1. A first adequate filtering of the images was applied during
reconstruction of the images with the Siemens software SureView. The
software Morpho+ was then used to quantify the amount of cold-water
coral fragments on the medical scans in a three-dimensional environment.
Before loading the complete stack of reconstructed two-dimensional slices
(TIFF-format) from a whole section in the software environment, the im-
ages were cropped in Octopus to avoid scanning artefacts, recorded at the
edge of the samples and not filtered out during reconstruction of the im-
ages, to be analysed. The same volume was cropped for each analysed sec-
tion, allowing quantitative comparison of the different sections. After load-
ing the cropped slices in Morpho+, segmentation was carried out by a dual
thresholding technique and an additional labelling operation (Fig. 3.10). A
strong thresholding filtered the noise and selected the areas definitely cor-
responding with cold-water coral fragments, without selecting the bounda-
ries of the fragments. Weak thresholding determined a complete delinea-
tion of all the fragments, but included some noise. The resulting segmented
images combined information from both, weak and strong thresholdings to
visualize the cold-water coral fragments with their corresponding bounda-
ries. Subsequently, the data were cleaned by systematically removing iso-
lated background and foreground pixels. The labelling step was then per-
formed to identify subsets of the collection which are connected, resulting
in a set of separated objects. Objects were labelled by attributing to each
pixel (belonging to the same connected component of the input binary im-
age) a specific grey-level value, with different values for each connected
component. A set is defined as connected if each pair of its points can be
joined by a path of which all the points belong to the set. After segmenta-
tion (dual thresholding and labelling), the total and partial amount of cold-
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water coral fragments could be calculated as volume percentage of respec-
tively each section and each 10 slices. In a final step, each object was
treated individually by calculation of the distance form. In this step the
minimal distance to the border of the object is calculated for every object
voxel. The distance form can be used to separate objects into an additional
set of objects and to provide information about the shape and orientation of
the object. In this study, a few size parameters were calculated, i.e. the
equivalent diameter, which is the diameter of the sphere which would have
the same volume as an object, and the maximum opening, which is the di-
ameter of the maximum ball which can be inscribed in the object.

Figure 3.9 represents the partial volume percentages of cold-water coral
fragments in function of depth (mbsf) for Core Sections 307-1317E-8H-2
to 6, 307-1317E-9H-2 to 4. Volume percentages for these holes are vary-
ing between 0% and 26%, with an average value of 7.5% for the studied
intervals. Size parameters showed that the detected coral fragments have
equivalent diameters varying between 0.6 and 84 mm. The lowest equiva-
lent diameters and maximum openings are encountered in the lightest in-
tervals and just above the mound base, while the highest equivalent diame-
ters and maximum openings are occurring in the darker-coloured intervals.

Fig. 3.10 Screenshot from Morpho+ environment representing segmentation car-
ried by a dual thresholding technique and additional labelling operation.
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When dealing with image quantification, and so segmentation, it should
be realized that small changes in thresholding can largely influence the re-
sults. Moreover, resolution limitations of the images can complicate seg-
mentation. It has to be mentioned that the resolution of the CT-scanned
images is lower than the resolution of the digital pictures of the split core
sections, allowing detection of features up to a resolution of 400 um on
CT-scanned images compared to the possibility of the detection of features
up to 170 um on the digital pictures. On the other hand, the possibility to
analyse three-dimensional volume blocks can give a more complete idea
about the amount of cold-water coral fragments in the whole sections
compared to the analysis of two-dimensional surface pictures. Comparing
the surface percentage of cold-water coral fragments quantified on the sur-
face pictures with the volume percentage of cold-water coral fragments
quantified on CT-scanned volume blocks of each section, shows a similar
background trend (Fig. 3.9), evidencing that the amount of cold-water
coral fragments detected on the pictures of split core surfaces are a good
relative estimation for the amount of cold-water coral fragments available
in the whole section. However, the volume percentages seem to shift to
slightly higher values in intervals characterized by high coral quantities
compared to the surface percentages, showing that the surface percentages
are quantitatively underestimating the coral quantities with a few percent
in the coral-rich intervals (Fig. 3.9). It is important to mention that the
coral quantity records should be interpreted with care because a dissolution
effect in the lighter intervals can overprint the original coral quantity re-
cords (Sect. 3.3.2). Moreover, (dissolved) cold-water coral fragments and
background sediments in lighter horizons are characterized by similar pixel
values (and hence similar X-ray attenuation coefficients on CT-scan im-
ages), making it much more difficult to differentiate in an accurate way be-
tween both components. This can result in an underestimation of the
amount of the original coral fragments in the lighter intervals.

3.3.2 Dissolution and fragmentation of coral fragments

The preservation of the coral fragments and other large biogenic compo-
nents is changing throughout the mound succession. In darker coloured in-
tervals the preservation of the cold-water coral fragments is rather good
with solid theca walls and the possibility to still see the internal structure
of the cold-water corals such as the lamination of the different aragonite
layers (Fig. 3.11). The aragonitic skeletons in these layers did not undergo
extensive dissolution. However, when the surrounding matrix is becoming
lighter (~ higher Ca-content), the corals are showing different dissolution
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effects (Figs. 3.11, 3.12E). Perrin (2004) showed that the earliest
diagenetic modifications of scleractinian skeletons are already clearly rec-
ognized in the older parts of the living colonies. The first steps of diagene-
sis therefore take place only a few years after the skeleton has been se-
creted by the living polyps. These first diagenetic processes induce the
development of thin fringes of aragonite cements growing syntaxially on
the aragonitic coral fibers, an alteration of the incremental zonation of
coral fibers and also preferential diagenetic changes in the calcification
centres, including dissolution of their minute internal crystals (Perrin
2004). The diagenetic patterns observed in the cold-water coral fragments
of Challenger Mound show that the centres of calcification are most sensi-
tive for dissolution as (1) the small crystal sizes of these areas offer a lar-
ger reactive surface (Noe et al. 2006) and (2) bacterial and/or fungal activ-
ity utilizing the organic matter enriched between the crystals, produces a
micro-environment which is undersaturated with respect to CaCOj3
(Titschack and Freiwald 2005). Dissolution starts at the point where the
centres of calcification between outer and inner theca and those in the cen-
tre of the septa meet. Only little evidence of neomorphism or replacement
by a secondary fine-crystalline neomorphic microspar of low-magnesium
calcite mineralogy is noted, suggesting the production of a high moldic po-
rosity (see Sect. 3.4). However, most of the moulds created by the dis-
solved coral fragment parts seem to be refilled with material from the sur-
rounding matrix. This suggests that dissolution proceeded in soft and
uncemented sediments, only leaving a faint imprint behind with a small
moldic porosity and a slightly different colour and texture than the sur-
rounding matrix. Not only corals, but also other bioclasts like molluscs un-
derwent dissolution, leaving behind a very thin black "hair line" that may
represent a relict of the periostracum. In some parts the dissolved coral
fragments seems to be partly pyritized or associated with framboidal py-
rite, suggesting that dissolution was accompanied or closely followed by
sulphate reduction and sulphide precipitation.

Fig. 3.11 Thin sections and corresponding surface pictures presenting different
stages of dissolution from well-preserved coral fragments (upper left) to com-
pletely dissolved coral fragments (upper right) (modified after Titschack et al.
2006).
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Fig. 3.12 A-D SEM npictures (Léonide 2006) presenting different traces of bioero-
sion on the coral fragments. Tunnels of 5 to 10 pm are Orthogonum lineare
(Glaub 1994) (A-B) and round chambers are Saccomorpha clava (Radtke 1991)
(C-D). E uCT scan showing dissolution of coral fragment. F medical CT scan
showing fragmentation of coral fragments.
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In addition to dissolution, several corals show signs of extensive bioero-
sion. Fungal and sponge traces are quite common on the investigated cold-
water coral fragments. Clionid sponges produced large borings. Large tun-
nel-like borings of 5 to 10 um can be identified as Orthogonum lineare
(Glaub 1994), while the round chambers with global aggregates can be
identified as Saccomorpha clava (Radtke 1991) with the fungal sporangia
still inside (Fig. 3.12A-D). These traces are typical constituents and index
ichnofossils for aphotic ichnocoenoses (M. Wisshak pers. com.). Bioero-
sion can be an important factor in weakening the coral skeleton before
chemical aragonite dissolution takes place.

Fragmentation of the coral fragments is commonly observed in the core
sections (Fig. 3.12F). However, it can be questioned if the fragmentation is
caused by the drilling technique, whereby coral fragments are broken dur-
ing drilling or if progressive sediment accumulation gave rise to overbur-
den stress, resulting in cracking of the skeletons. In each case, the cracking
or fragmentation evidences the weakness of the coral skeletons. In addi-
tion, fragmentation can make the coral fragments more sensitive for disso-
lution in a second phase, as the reactive surface is bigger compared to
whole coral skeletons.

3.4 Porosity analysis in recent carbonate mounds

Micro-CT scanning visualized porosities and microbioclasts up to a resolu-
tion of 14 um in the mound sediments (Figs. 3.15, 3.16). Digital image
analysis of these high-resolution scans allowed quantifying the porosity
and the amount of micro-bioclasts in each sample. The software Morpho+
was used to allow identification and quantification of pores and micro-
bioclasts on well-defined volume blocks in a three-dimensional environ-
ment. For each sample, the same volume was analysed to make compari-
son of the different samples possible in a consistent way. The volume
blocks were chosen in the inner part of the scanned samples to avoid arte-
facts introduced in the data sets during X-ray CT scanning and not com-
pletely filtered out during reconstruction of the images with Octopus.
Beam hardening, the most frequent artefact in CT-scanning, was visible at
the outer rims of the scanned samples (Fig. 3.13A). Beam hardening is
caused by the fact that in a polychromatic beam X-rays with lower energy
are preferentially attenuated. Due to this phenomenon, the effective at-
tenuation coefficient of any material will diminish as the beam passes
through the object and short ray paths are proportionally more attenuating
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than long ones (Ketcham and Carlson 2001). In reconstructed CT-images,
this will artificially cause more attenuated areas near the edges of the sam-
ple and less attenuated areas in the centre. This beam hardening is espe-
cially detected in samples with cylindrical geometry, such as the samples
in this study. Other artefacts that had to be taken into account while study-
ing the reconstructed images were star artefacts (Fig. 3.13B). Star artefacts
are mostly observed when very dense inclusions are present within the ob-
ject. Due to scattering, randomly orientated secondary radiation is pro-
duced, which can cause noise on the reconstructed images. In some sam-
ples the high aragonite densities of the cold-water coral fragments were
responsible for such star effects.

Fig. 3.13 Illustration of beam hardening at the outer margins of the uCT scans (A)
and star effects due to the presence of dense materials like cold-water coral frag-
ments (B) or small dense grains (A).

The same processing steps and techniques were applied for the quantifi-
cation of porosities and micro-bioclasts in Morpho+ as described for the
quantification of the coral fragments (see Sect. 3.3.1). Figure 3.14 repre-
sents the percentage of porosities versus the percentage of bioclasts for
each sample. The porosities are varying between 1.46% and 21.65%. The
amount of bioclasts detected in the studied volume blocks ranges from
6.60% to 71.33%. The quantified porosities are lower than the porosities
calculated by moisture and density analysis (see Chap. 4) which are char-
acterized by values varying mainly between 40% and 60%. Hence could
be assumed that digital image analyses are underestimating the porosities
drastically. This could be due to the resolution of the micro-CT scans
whereby porosities lower than 14 um can not be detected. We could then
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assume that most of the porosity is present in the fractions smaller than 14
pm, and so in the muddy matrix. Enos and Sawatsky (1981) inferred from
capillary pressure curves that indeed many of the pore throats of muddy
carbonate sediments are less than 1 um in diameter after drying. The more,
porosities obtained by the classical moisture and density analyses are ap-
proaching more the typical porosities calculated by Enos and Sawatsky
(1981) for grainstones (range: 40-53%; mean: 44.5%), packstones (range:
45-67%; mean: 54.7%), wackestones (range: 64-78%; mean: 68.0%) and
very fine wackestones (range: 67-73%; mean: 70.5%) from Florida and the
Bahamas. They showed that interrelationships between porosities and
permeabilities in recent carbonates are largely controlled by depositional
texture, particularly the amount of fine material <62 pum. The higher
amount of fine and muddy material, the higher the porosities and the lower
the permeabilities.

Fig.3 14 Bivariate plot of percentage of bioclasts versus percentage porosity in the
micro-CT scanned samples from Hole U1317A.

Fig. 3.14 shows that there is an inverse relationship between the amount
of bioclasts and the amount of porosity in the samples. The higher the
amount of bioclasts, which corresponds with less muddy matrix, the lower
the porosity and vice versa. Despite this relationship has to be interpreted



78 3 Imaging

carefully as most of the porosity is not incorporated in the porosity estima-
tions, it can be inferred that indeed the fraction of fine and muddy material
(i.e. the matrix excluding the micro-bioclasts and cold-water coral frag-
ments) has an important influence in increasing the porosity.

Visualizing the porosities in the scanned samples suggests that most of
the porosity in the uncemented matrix is intergranular (Figs. 3.15, 3.16).
Most of the pores are really small and are not connected with each other,
suggesting low permeabilities. Porous and hollow skeletons are responsi-
ble for a primary intragranular porosity beside the intergranular porosity
(Fig. 3.15).

Fig. 3.15 Micro-CT scans representing bioclasts, matrix and porosities (left pan-
els) and porosities (right panels). A-B Sample from Section 307-1317A-2H-3 rep-
resenting intergranular and intragranular porosity. C-D Sample from Section 307-
1317A-6H-3 visualizing intergranular and intragranular porosity.



3.4 Porosity analysis in recent carbonate mounds 79

Fig. 3.16 Micro-CT scans representing bioclasts, matrix and porosities (left pan-
els) and porosities (right panels). A-B Sample from Section 307-1317A-8H-3
showing moldic porosity around cold-water coral fragment. C-D Sample from
Section 307-1317A-14H-3 visualizing secondary porosity.

When dissolved aragonitic skeletons are present in the matrix, e.g. cold-
water coral fragments, a secondary moldic porosity is created, increasing
the porosity very locally around the dissolved parts of the cold-water coral
fragments (Fig. 3.16A-B). The two red points on Fig. 3.14 are representing
samples rich in dissolved cold-water coral fragments, which explain the
slightly higher porosities in these samples. The porosity is however not
that much higher, as much of moulds created by the dissolved parts of the
cold-water coral fragments seem to be refilled again by the surrounding
matrix. The bleu point corresponds with a sample from a semi-lithified ho-
rizon, showing that in these semi-lithified horizons the porosity is de-
creased. Cementation lowers the porosity. Sampling these semi-lithified
(or partly cemented) horizons shows that the physical characteristics of
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these horizons are quite different compared to the surrounding unlithified
sediments. The semi-lithified horizons are much more sensitive for fractur-
ing and brecciation, which can create a secondary porosity in this brittle
material. The fractures visualized on Fig.3.16C-D are most probably intro-
duced in the sample during sampling but it shows that during later com-
paction, these horizons will be excellent places for the creation of a secon-
dary porosity. The more, the pores creating such a secondary fracture
porosity are interconnected with each other, enhancing the permeability.
This can explain why ancient carbonate rocks show generally a positive
correlation of high porosity with high permeability (caused by a secondary
porosity) compared to the inverse relationship between porosity and per-
meability in recent carbonate sediments (Enos and Sawatsky 1981).

3.5 Imaging the off-mound records

A detailed overview of the lithology of the off-mound records is given in
the "Proceedings of the Integrated Ocean Drilling Program, Volume 307"
(Ferdelman et al. 2006). In the next sections a summary will be given of
the encountered lithologies of the off-mound records in the upper intervals
according to the lithological units defined by the Expedition 307 Scientists
(2006¢, 2006€).

3.5.1 Site U1316

The lithology at Site U1316 can be divided into three main lithological
units with a major unconformity and erosional surface between unit 2 and
unit 3. This unconformity can be correlated with the mound base described
in Chap. 3.2.1 and is overlying a heterogeneous dark green glauconitic silt-
stone (unit 3). Figure 3.17 represents the reflectance and the image stacks
of units 1 and 2 in function of depth (mbsf) above the unconformity for
Hole U1316A, which will be described in this section.

Fig. 3.17 Left panel: Colour reflectance (L*), image stack and lithological units in
function of depth (mbsf) of Hole U1316A. Red horizontal line represents the un-
conformity between unit 2 and unit 3. Right panel: images representing typical
lithologies of the different lithological units and the unconformity corresponding
with the mound base.
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Unit 1 can be divided into two subunits, respectively subunit 1A, from 0
to 25.90 mbsf, and subunit 1B, from 25.90 to 44.40 mbsf (Fig. 3.17). Sub-
unit 1A is dominated by a mottled greyish brown to dark greyish green
silty clay to clayey silt. The sediments are partly interbedded with centime-
tre-thick fine sand layers that occasionally grade upwards. Bioturbation
rarely occurs in this unit. Dropstones occur frequently. Fossils are gener-
ally rare and quite dispersed. At 5.90 mbsf, a very thin shell layer occurs.
The base of subunit 1A is defined by an erosive boundary overlain by a 12
cm thick, graded medium to fine sand layer with up to centimetre-sized
lithoclasts at the base. Subunit 1B is characterized by laminated very dark
olive-grey to dark grey silty clay interbedded with fine sand layers. Lami-
nation thickness varies from millimetre- to centimetre-scale. Dropstones
occur frequently but are limited to discrete intervals. At 41.00 mbsf, a mix-
ture of silty clay layers with a calcareous fine to medium sand is observed.
Just above this layer, a medium sand to fine gravel layer consisting of a
mixture of dropstones, coral fragments and other bioclasts is present. The
base of subunit 1B can be described as a small erosive boundary overlain
by a fining-upward sequence of graded fine to very fine sand beds.

Unit 2 is very heterogeneous and is characterized by the presence of
coral bearing layers interbedded with sands, silty sands, silt, and silty
clays. A subdivision in two subunits is proposed. Subunit 2A, from 44.40
to 50.90 mbsf, is dominated by fine to medium sands and rarely intercala-
tions of some coarser sands that grade upwards into silty clays interbedded
with fine sand and silt layers. Seven small-scaled fining-upward sequences
are noted with erosional contacts at their base, indicating a dynamic envi-
ronment. Dropstones are common within these intervals and can range up
to 3 cm in diameter. Subunit 2B is occurring from 50.90 to 55.06 mbsf and
is characterized by different coral-bearing layers interbedded with silici-
clastic sediments. Thicknesses of the coral-bearing layers vary between 20
and 170 cm. The coral assemblage in this interval is dominated by the spe-
cies Lophelia pertusa. Preservation of the coral fragments is rather poor,
indicating coral dissolution. The coral layers can be described as having a
floatstone to rudstone texture.

It should be mentioned that no distinctive cyclic pattern is observed in
the reflectance record or the image stack.

3.5.2 Site U1318

The sediments at Site U1318 can be divided in three units based on the
visual description of sedimentary features and the colour reflectance data.
A major unconformity, which can be correlated with the mound base at
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Site U1317, defines the boundary between unit 2 and unit 3. Fig. 3.18
represents the colour reflectance and the image stack in function of depth
(mbsf) of Hole U1318B above the erosive boundary, visualizing unit 1 and
unit 2 which will be described below.

Unit 1 is dominated by an unlithified clayey succession, which can be
subdivided in three lithological subunits with distinct boundaries. Subunit
1A, extending from 0 to 35.00 mbsf, is dominated by dark greyish brown
to dark grey silty clays, which are partly interbedded with centimetre thick
fine sand layers occasionally grading upwards. Some laminated intervals
are recognized with centimetre to millimetre thick laminae consisting of
light and dark greenish grey clay with very fine sand layers representing
small scaled fining-upwards cycles. Bioturbation within the laminated in-
tervals is rare, but is moderate to strong in the major part of this subunit.
Dropstones are frequently found. Macrofossils are rarely observed. Black
spots, interpreted as aggregations of fine iron sulphides, are common. The
base of this subunit is defined by an erosive boundary overlain by a 24 cm
thick fine sand to clayey silt layer. The lithology of subunit 1B, defined as
the unit between 35.03 and 62.00 mbsf, comprises dark greyish brown to
very dark grey silty clays that are similar to the facies of subunit 1A. In
contrast to subunit 1A, dropstones are much less frequent and the lami-
nated horizons (centimetre to millimetre scale) are occurring throughout
the whole subunit. Macrofossils are rare. The lithology of subunit 1C be-
tween 62.00 and 82.00 mbsf is characterized by alternating dark greyish
brown fine sandy clay and very dark greyish brown silty clay. This subunit
is distinguished from the other subunits by the presence of coarser mate-
rial. Laminations of fine sand and silty clay are dominant in the middle
part of subunit 1C. Dropstones are absent. The base of this subunit is
marked by a sharp, erosive boundary.

Unit 2 is defined as the sediments occurring between 82.00 and 86.20
mbsf and is dominated by olive grey medium fine sand interbedded with
dark yellowish brown silty clay. A gradual increase in sand indicates a
coarsening upward trend throughout this unit. Lithoclasts up to 3 cm in di-
ameter are found in both the sandy and the clayey horizons. Sand beds
contain a high amount of well-preserved mollusc species and other uniden-
tified shell fragments. The base of this subunit consist of a 5 to 10 cm thick
bed characterized by the presence of conglomerate and black moulds,
which can be interpreted as the infill from bivalves. XRD analyses show
that the moulds consist of a mixture of apatite, calcite and quartz. This bed
of conglomerates and black moulds are overlying the major unconformity
and erosive boundary (~ mound base) between unit 2 and unit 3.

As in Hole U1316A, no cyclic pattern is observed in the reflectance re-
cord and the image stack.
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3.6 Discussion

3.6.1 Western Ireland as source for terrigenous material?

Rice et al. (1991) suggested that the main sediment supply zone is proba-
bly located on the Irish and Celtic shelves, whereas input from the Porcu-
pine Bank seems to be rather limited. Gregg et al. (2006) evidenced that
western Ireland can be proposed as the primary source of detrital sedi-
ments towards the Irish shelves. The Shannon River empties into the At-
lantic Ocean through the Shannon estuary, on the northern boundary of
County Kerry (SW Ireland), and drains a considerable portion of western
Ireland. Other rivers emptying into Galway Bay (W of Ireland) very likely
also contributed sediments. The detrital grains can be classified as very
immature and are characteristic of detrital material from nearby igneous
(primarily granitic), metasedimentary, and arkosic terrains. Regions con-
tributing detrital sediments include Early Paleozoic igneous (granitic and
basic) and metasedimentary rocks as well as the Devonian age Old Red
Sandstone (arkose). Lower Carboniferous dolomite outcropping in the
Burrin region of County Clare (W of Ireland) is a likely source of detrital
stoichiometric dolomite (Gregg pers. com.).

During glacial periods a lot of terrigenous material from the shelves
may have drained towards the deeper margins of the Porcupine Seabight.
Subglacial drainage networks and tunnel-valleys across Ireland and in the
Irish-Celtic Sea (Warren and Ashley 1994) may have supplied sorted
sediment directly to the shelf edge, to be received by slope canyons as the
Gollum Channel System at the eastern margin of the Porcupine Seabight
south of 53°N. Such a channel system evidences the importance of gla-
ciofluvial (meltwater) processes at the Irish and Celtic shelves in the con-
tribution of sedimentary material towards the deeper margins. The pres-
ence of different glacial imprints along the northern and eastern margins of
the Porcupine Seabight such as iceberg scour marks (Games 2001; Mathys
2001) and the presence of ice rafted debris (Foubert et al. 2005a, 2007;
Van Rooij et al. 2007a; see also Sect. 6.2), also evidences the importance
of other glacial processes, such as ice rafting, in the delivery of terrigenous
material (see also Sect. 2.2.1).

Fig. 3.18 Left panel: Colour reflectance (L*), image stack and lithological units in
function of depth (mbsf) of Hole U1318B. Red horizontal line represents the un-
conformity between unit 2 and unit 3. Right panel: images representing typical
lithologies of the different lithological units and the unconformity corresponding
with the mound base.
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3.6.2 Justification of the name "carbonate mound"

In the past, different terminologies were used to describe the mounds in the
Porcupine Seabight. Le Danois (1948) described the coral facies along the
eastern margin of the Porcupine Seabight as "Massifs coralliens de Din-
gle". Hovland et al. (1994) called the structures in the Hovland Mound
Province "seabed mounds"”, with the suggestion of a more interpretative
name as "carbonate knolls" or "bioherms". Henriet et al. (1998) were ini-
tially using the term "deep-water reefs" to describe the same structures but
introduced in 2001 the name "carbonate mound". De Mol (2002) discussed
these different terminologies and proposed the name "coral bank" as being
most adequate to describe the mounded structures in the Porcupine
Seabight. Huvenne et al. (2003) suggested the name "carbonate build-up".
However, the name "“carbonate mound" seems to have survived and most
of the recent publications refer to the mounds in the Porcupine Seabight as
being "carbonate mounds" (Dorschel et al. 2005, 2007; Foubert et al.
2005a, 2007; Ruggeberg et al. 2005, 2007; Wheeler et al. 2005b, 2007;
Roberts et al. 2006). Seen the recent development in mound research
whereby a mound was drilled to its base for the first time in history, the
discussion to name these mounded structures in an appropriate way can be
reopened.

Riding (2002) made a comprehensive review about the structure and
composition of organic reefs and carbonate mud mounds, introducing a re-
newed classification scheme for reefs and mud mounds. This classification
scheme was mainly based on the objective characteristic of the type of
sedimentary support, which largely determines the sedimentary composi-
tion of the deposit. He defined "reefs" as "essentially in place calcareous
deposits created by sessile organisms" and "carbonate mud mounds" as
“"carbonate mud-dominated deposits with topographic relief and few or no
stromalites, thrombolites or in place skeletons". On their compositional
and structural bases (amount of matrix versus amount of skeletons versus
amount of cement), Riding (2002) recognized three main categories of or-
ganic reefs: (1) matrix-supported reefs (agglutinated microbial reefs, clus-
ter reefs, segment reefs), (2) skeleton-supported reefs (frame reefs) and (3)
cement-supported reefs (cement reefs) (Fig. 3.19).

In Challenger Mound the matrix seems to dominate on the coral skele-
tons, whereby the matrix is mainly characterized by the alternation be-
tween siliciclastic, terrigenous material and carbonate-rich biogenic mate-
rial. The amount of cementation is low. Following the classification of
Riding (2002), taking into account the dominance of matrix compared to
the amount of aragonitic skeletons and the low amount of cementation,
Challenger Mound can be classified as a close to spaced "cluster reef".
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"Cluster reefs" are "skeletal reefs in which essentially in place skeletons
are adjacent, but not in contact, resulting in matrix-support; they are char-
acterized by relatively high matrix/skeleton ratios and low volumes of ex-
tra-skeletal early cement; sediment trapping is an important corollary of
skeletal growth and cluster reef organisms are tolerant of loose sediment;
absence of framework limits the topographic relief that cluster reefs can at-
tain relative to spatial extent, and may permit bedding to develop within
the reef" (Riding 2002). The last characteristic defined as "absence of
framework limits the topographic relief" may argue against the interpreta-
tion of Challenger Mound as a "cluster reef”. Challenger Mound has a
height of 150 m, which evidences a high relief structure. In this case, the
term "frame reef”, defined as "skeletal reefs in which essentially in place
skeletons are in contact; they are characterized by relatively high skele-
ton/matrix ratios; skeletal support enables them to rise themselves above
the substrate independently of cementation and particulate sedimentation;
inter-skeletal spaces are penecontemporaneously occluded by surficial
sediment during reef-growth™ may be more appropriate. On the other hand,
the relative height/width ratio of Challenger Mound is 1/10, what evi-
dences the importance of lateral expansion. The evidence of vertical
growth in certain periods, compared to horizontal expansion in other peri-
ods (Sect. 5.5.3) may also argue for an alternation in time of "cluster reefs"
and "filled frame reefs". However, the importance of the matrix sediments
may be underestimated in the term "frame reef”. In this view, the name
"high relief carbonate mud mound" defined as "thick (>5 m) carbonate
mud mounds with steep marginal slopes; they can have an internal bedding
and may be characterized by slumping features” may be more appropriate.
The more, Riding (2002) suggested that sediment baffling whereby sedi-
ments could be localized by on-mound baffling organisms, can be an im-
portant process in the development of carbonate mud mounds. Such a baf-
fling mechanism is evidenced in the Porcupine Seabight by the study of
small, initial mounds (Foubert et al. 2005a; Wheeler et al. 2005b; Huvenne
et al. 2005; see also Chap. 7).

It can be concluded that the term "carbonate mud mound” seems to be
the most appropriate name for Challenger Mound; “carbonate” referring to
the high amount of carbonate in the mound (~50%), "mud" referring not
only to carbonate mud (nannofossil ooze in the case of Challenger Mound)
but also to the terrigenous and siliciclastic components (mainly clay min-
erals and silt-sized quartz) and mound referring to the elevated, topog-
raphic structure. To be complete the name can be extended by "cold-water
coral”, resulting in "cold-water coral carbonate mud mound". For practical
reasons, to avoid misunderstandings and to be coherent with the most re-
cent publications, the term "carbonate mound" will be used throughout this
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study. However, readers should be aware of the vagueness of this term.
The more, a "cold-water coral carbonate mud mound" can be seen as the
end-member in a process whereby the interaction between sedimentation
and cold-water coral growth is a crucial factor. Such an interaction can
stimulate in the one case "reef growth™ when cold-water coral growth pre-
vails on sedimentation, while "cold-water coral mud mounds" will be
formed when sedimentation is taking the overhand. These "cold-water
coral mud mounds™ can develop into "cold-water coral carbonate mud
mounds" when also diagenetic carbonate precipitation is taking place as
observed in the Gulf of Cadiz (Sect. 8.5.4) or when extensive biogenic
sedimentation starts to dominate the system.

Fig. 3.19 Outline of "organic reef" and "carbonate mud mound" classification,
showing main processes and structural support (after Riding 2002). Red boxes
suggest appropriate names for Challenger Mound.
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Summary

The Challenger Mound sediments can be described as a facies of cold-
water coral fragments (mainly Lophelia pertusa and some minor to rare
occurrences of Madrepora oculata and Desmophyllum cristagalli) and
biogenic fragments embedded in an alternating light grey biogeneous (car-
bonate-rich) matrix to greenish grey terrigenous (siliciclastic-rich) matrix.
The terrigenous sediments are dominated by clay minerals (illite, kaolin-
ite and chlorite) and silt-sized quartz with secondary potassium and pla-
gioclase (albite) feldspar. The biogenic sediments are dominated by
nannofossil ooze (coccoliths) and micro-bioclastic fragments (fo-
raminifera, sponge spiculae, radiolarians, echinoderms, bivalves, gastro-
pods).

Coral quantities were determined in two and three dimensions but no
distinct correlation could be observed between the alternating darker and
lighter intervals and the coral quantity cycles.

Cold-water coral fragments evidence traces of extensive dissolution,
bio-erosion and fragmentation throughout the mound succession.

An inverse relationship is found between the amount of bioclasts and
the amount of porosity in the samples. The higher the amount of bioclasts,
which corresponds with less muddy matrix, the lower the porosity and vice
versa.

Porous and hollow skeletons are responsible for a primary intragranu-
lar porosity beside the intergranular porosity. When dissolved arago-
nitic skeletons are present in the matrix, as cold-water coral fragments, a
secondary moldic porosity is created, increasing the porosity very locally
around the dissolved parts of the cold-water coral fragments.

The off-mound sediments are mainly characterized by silty clays, with
some intercalated coarser sandy intervals. Dropstones are common in
these sediments.

Western lIreland can be proposed as the primary source of detrital
sediments towards the Irish shelves. Fluvial transport of sediment by the
Shannon River, emptying into the Atlantic Ocean through the Shannon
estuary, may play hereby an important role. Glaciofluvial (meltwater)
processes at the Irish and Celtic shelves might have been important in the
contribution of sedimentary material towards the deeper margins during
glacial periods.

During this study the name "carbonate mound" will be used to refer to
the studied mound structures, including Challenger Mound, in the Porcu-
pine Seabight.







4 Geophysical and geochemical core logging

Over the past three decades, major technical and scientific advances have
been made towards real-time physical and chemical characterization of
deep-sea sediments (Ortiz and Rack 1999). To infer palaeoceanographic
and palaeoclimatological information from physical and chemical charac-
teristics of sediments, it is necessary to obtain the most continuous and ac-
curate measurements possible (R6hl and Abrams 2000). Various types of
core-logging systems have been developed during the last years and are
able to measure continuous physical and chemical data sets down to mil-
limetre-scale. Such a high resolution can never be obtained by standard
analytical methods for discrete samples which are in addition time-
consuming and expensive. Moreover, logging methods are non-destructive.
Ortiz and Rack (1999) give an overview, summarize the historical details
and point out the growing advantages of different geochemical and geo-
physical logging tools which were available at the end of the twentieth
century. Nowadays, different very high-resolution sensors are combined in
one logging tool to obtain as much (accurate and continuous) information
as possible in a short time-span. Moreover, more and more effort is put
into techniques to gain information on the spatial heterogeneity of physical
properties in two- or three-dimensional space (instead of bulk (one-
dimensional) measurements) (for example X-ray computer tomographic
(CT) scanning techniques, see Chap. 3).

In this study, two widely applied core logging systems are used to define
the chemical and physical properties characterizing uniquely the sedi-
ments of Challenger Mound and its surrounding sediments. Physical prop-
erties of rocks and sediments are indicators of composition, formation and
environmental conditions of the deposits. The physical properties are
logged by a multi-sensor track (MST), installed permanently on the R/V
JOIDES Resolution. In soft and semi-consolidated sediment sections,
physical properties data serve mostly as proxies for sediment composition,
which is controlled by provenance, depositional and erosional processes,
palaeoceanographic and palaeoclimatic changes, and post-depositional
processes such as consolidation and early diagenesis. In consolidated
sediments, diagenetic processes, including cementation and major
lithological changes tend to dominate many physical properties. A major
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application of data collected at small sampling intervals (a few centime-
tres), such as magnetic susceptibility, gamma-ray density, and natural
gamma radiation, is core-to-core and hole-to-hole correlation. These cor-
relation procedures are essential for stratigraphic studies, and some of the
most important ocean drilling projects are unthinkable without the high-
performance acquisition of physical properties data.

Many chemical parameters are significant as they can provide palaeo-
climatic and palaeoenvironmental information, complementary to geo-
physical data sets. Geochemical core logging with the X-ray fluorescence
(XRF) core scanner is used to measure directly several parameters that
are important for palaeoenvironmental interpretations, such as Ca (repre-
senting "carbonate") and Fe (representing "terrigenous™ or "volcanic"
material) (Rohl and Abrams 2000). XRF core logging determines in a
rapid and non-destructive way the chemical composition of marine bottom
sediments and gives a qualitative and quantitative (after calibration with
standard geochemical analysis) overview of the relative trends in changing
chemical element composition throughout the cores.

4.1 Methodology

4.1.1 Geophysical logging

Physical core logging was carried out on whole-round cores during IODP
Expedition Leg 307 with the multi-sensor track (MST), permanently in-
stalled aboard the R/V JOIDES Resolution. The MST is an automated core
conveying and positioning system for logging core physical properties at
small sampling intervals (Blum 1997). The MST system includes the fol-
lowing non-destructive measurements: gamma-ray attenuation densiome-
try (GRA), P-wave velocity logging (PWL), magnetic susceptibility log-
ging (MSL) and natural gamma ray measurements (NGR). Magnetic
susceptibility, GRA density and NGR were measured on all cores from all
holes at Sites U1316, U1317 and U1318. P-wave velocities were measured
only on the upper APC intervals because loss of coupling between the liner
and core with XCB and RCB drilling resulted in inaccurate values (Exp.
307 Scientists 2006b). In this chapter only the geophysical properties from
Holes U1317A, U1317B, U1317C, U1317E, U1316A and U1318B in the
upper intervals (i.e. in the intervals localized above the mound base in
Holes U1317A, U1317B, U1317C and U1317E and above the correlating
unconformity in Hole U1316A and Hole U1318B) will be discussed. A de-
tailed overview of all the geophysical properties, measured on all the holes
drilled during I0ODP Expedition Leg 307, is given in the "Proceedings of
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the Integrated Ocean Drilling Program, Volume 307" (Ferdelman et al.
2006).

Fig. 4.1 A Schematic illustration and picture of the measurement geometry of the
Bartington Model MS-2 meter integrated in the multi-sensor track (MST) for
whole-core logging of the magnetic susceptibility. B Schematic illustration and
picture of the measurement geometry for whole-core logging of the gamma-ray at-
tenuation (GRA) density. C Schematic illustration and picture of the measurement
geometry for whole-core logging of the natural gamma radiation (NGR). D Sche-
matic illustration and picture of the measurement geometry for whole-core logging
of the P-wave velocity (PWL). Schematic illustrations are modified after Blum
1997.

Magnetic susceptibility is the degree to which a material can be magnet-
ized in an external magnetic field (see also Chap. 5). Magnetic susceptibil-
ity is used mostly as a relative proxy indicator for changes in composition
that can be linked to palaeoclimate-controlled depositional processes. The
high precision and sensitivity of susceptibility loggers makes this meas-
urement extremely useful for core-to-core correlation. The physical link of
magnetic susceptibility to particular sediment components, ocean or wind
current strength and direction, or provenance, usually requires more de-
tailed magnetic properties studies in a specialized shore based laboratory
(see Chap. 5). Blum (1997) gives a technical overview of the measurement
of magnetic susceptibility with the MST. Magnetic susceptibility was
measured using a Bartington Model MS-2 meter integrated in the MST for
whole-core logging (Fig. 4.1A). The MS-2 loop sensor has an internal di-
ameter of 80 mm, which corresponds to a coil diameter of 88 mm. It oper-
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ates at a frequency of 0.565 kHz and an alternating-field (AF) intensity of
80 A/m (equivalent to 0.1 mT). Temperature drift is less than 107 SI per
hour. The resolution of the loop (and so precision of the measurements) is
2 = 107 SI. Susceptibility values in natural, marine sediment samples over
an interval of only a few metres can range from a few tens to several thou-
sands of 10™° SI units. Typically, variations are 2 to 3 orders of magnitude
greater than the precision. This makes magnetic susceptibility one of the
most precise proxies for stratigraphic changes. Accuracy is 5% (according
to Bartington). Measurements were carried out on whole-round sections
with a sampling resolution set at 5 cm and a frequency of 5 times per sec-
ond. Such a long sampling period ensured acceptable readings for the usu-
ally low magnetic susceptibilities of carbonate sediments. Relative suscep-
tibilities were measured, which needed to be corrected for volume
variations. For a core diameter d and a coil diameter D of respectively 66
and 88 mm, the corresponding correction factor d/D is 1.48 (Blum, 1997).
During data reduction, the relative susceptibilities were converted to vol-
ume-normalized magnetic susceptibilities by multiplying by 1/(1.48 * 10°),
or by 0.68 * 10 S units.

Gamma-ray attenuation (GRA) is used to estimate the bulk density of
sediments, an indicator for porosity and lithological changes (Evans 1965).
This measurement is based on the principle that the **’Cs attenuation,
mainly by Compton scattering, of a collimated beam of gamma rays (pro-
duced by a **'Cs source) passing through a known volume of sediment is
related to material density (Boyce 1976). Blum (1997) summarizes the de-
tails of this method in his "Physical properties handbook". The *¥'Cs
source used transmits gamma rays at 660 KeV. A scintillation detector
measures the gamma-ray beam transmitted through the core material (Fig.
4.1B). During IODP Expedition Leg 307, the measurement interval was set
at 5 cm for a frequency of 5 times per second. GRA densities were cor-
rected for the attenuation effect in high-porosity sediments using the
Boyce (1976) equation (Eqg. 4.1):

p = [(poc — prc) (Pg — P/ (Pgc — Prc) + pr (4.1)

where p = corrected density, p,. = GRA density, ps. = fluid density calcu-
lated from gamma counts (1.128 g/cm®), p, = true grain density of quartz
(2.65 g/cm3), pr = true fluid density (1.024 g/cm3), and pyc = grain density
calculated from gamma counts (2.65 g/cm®).
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For Holes U1316A, U1316C, U1317A, U1318A and U1318B, GRA
densities and bulk densities measured on discrete samples were compared
for consistency. Moisture and density properties from discrete samples
(~10 cm?® samples from split cores) were measured at a frequency of two
per section. Porosity and void ratio were calculated from phase-relation
equations. Immediately after samples were collected, wet sediment mass
(My) was measured. Samples were then placed in a convection oven for 24
hours at a temperature of 105°C +/- 5°C. After drying, dry sediment mass
(My) and dry sediment volume (Vq4) were measured. Sample mass was de-
termined on board with a precision of +/- 0.01g using two Scientech 202
electronic balances to compensate for the ship's motion. Volumes were de-
termined using a helium five-chambered pycnometer with an approximate
precision of +/- 0.02 cm®. The determination of water content followed the
methods of the American Society for Testing and Material (ASTM) desig-
nation (D) 2216 (ASTM International 1990). The recommended equation
for the water content calculation, which is the ratio of the pore fluid mass
to the dry sediment mass (weight percent), is as follows (Eqg. 4.2):

We (Wt%) = (M:- Mg)/(Mq - rMy) (4.2)

where W, = water content reported as a decimal ratio of percent dry
weight, and r = salinity. Wet bulk density (p) is the density of the total
sample, including pore fluid. In high-porosity sediment, bulk density was
calculated using the following equation (Eq. 4.3):

p =MV, (4.3)

where V. is the total sample volume (~ 10 cm?®). Porosity (®) was calcu-
lated using the following equation (Eq. 4.4):

D = (We p)/[(1 + W) pu] (4.4)

where py is the density of the pore fluid (assuming a salinity of 35%o).

Natural gamma radiation (NGR) is a useful lithologic parameter because
the "primeval™ emitters are at secular equilibrium; i.e., radiation at charac-
teristic energies is constant with time (e.g., Adams and Gaspirini 1970).
Radioisotopes with sufficiently long life and which decay to produce an
appreciable amount of gamma rays are potassium (*°K) with a half-life of
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1.3 = 10° years, thorium (***Th) with a half-life of 1.4 * 10" years, and
uranium (*®U) with a half-life of 4.4 * 10° years. Hence, natural gamma
radiation is a product of the decay of these radioactive isotopes. Minerals
that fix K, U, and Th, such as clay minerals, are the principal source of
NGR. Other examples include arkosic silt and sandstones, potassium salts,
bituminous and alunitic schists, phosphates, certain carbonates, some
coals, and acid or acido-basic igneous rocks (Serra 1984). NGR measure-
ments are used for three purposes: (1) correlation of core data sets in mul-
tiple holes, (2) evaluation of the clay/shale content of a formation, and (3)
abundance estimates for K, U, and Th. The first, and to some degree the
second, goals can be achieved by simply measuring the bulk emission (to-
tal counts) of the material. Elemental analysis is a more complex process
that requires spectral data acquisition and longer sampling times, which
was not achieved in the measurements during IODP Expedition Leg 307.
NGR was measured using four scintillation detectors arranged at 90° to
each other and perpendicular to the core as outlined by Hoppie et al. 1994
and described in detail by Blum (1997) (Fig. 4.1C). During IODP Expedi-
tion Leg 307, NGR was measured with a resolution of 5 cm on whole-
round sections for a frequency of 5 times at 1 s.

The basic relationship for sonic (P-wave) velocity is (Eqg. 4.5):

v=dit (4.5)

where d is the distance travelled through the material (in metres) and t is
the travel time through the material (in seconds). P-wave velocity varies
with the lithology, porosity, and bulk density of the material, state of
stress, such as lithostatic pressure, and fabric or degree of fracturing. In
marine sediments and rocks, velocity values are also controlled by the de-
gree of consolidation and lithification, fracturing, occurrence and abun-
dance of free gas and gas hydrate, etc. Sonic velocity can be used for esti-
mating the depth of reflectors. Together with density measurements, sonic
velocity is also used to calculate acoustic impedance, or reflection coeffi-
cients, which can be used to construct synthetic seismic profiles. The
physical and technical background for the measurement of the P-wave ve-
locity by transducers installed in a MST is given by Blum (1997). The core
travels between two piezo-electric transducers mounted in epoxy and
stainless-steel housings (Fig. 4.1D). The two transducers are used as a
transmitter and receiver. Acoustic coupling is through an epoxy resin sur-
face and is enhanced by a water film supplied by an automated sprinkler
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system. Firm contact is ensured through spring-loaded transducer hous-
ings. Two serially mounted linear variable-displacement transformers
(LVDT) measure the diameter of the core (plus liner). A hydraulic piston
system displaces the transducers by several millimetres at the beginning
and end of a core section log to prevent the end caps from catching on to
the transducers. A 500-kHz pulse (2-ps wave period; 120 V) is produced at
a repetition rate of 1 kHz. P-wave velocity was measured at 5 cm intervals
(5 times during 1 s period) during IODP Expedition Leg 307. Sediments
must completely fill the liner for the PWL to provide accurate results.
PWL measurements were inaccurate at Site U1317 due to the high coral
content in a muddy matrix. The more, drilling with XCB and RCB of the
lower consolidated sediments created insufficient contact between the
sediments, the core liner, and the transducers to obtain accurate measure-
ments (Exp. 307 Scientists 2006b). However, measurements on split cores
using vertically orientated transducer pairs (500 Hz) with the upper trans-
ducer pressed against the split surface and the lower pressed against the
core liner, made it possible to achieve trustable P-wave velocities (PWS)
for the above mentioned problematic sediments.

4.1.2 Geochemical logging

The major chemical element composition of the cored material was ana-
lysed using the X-ray fluorescence (XRF) core scanner installed at the
Geosciences Department of the University of Bremen (Réhl and Abrams
2000). The XRF core scanner is a non-destructive analysis system, devel-
oped at the Royal Netherlands Institute for Sea Research (NIOZ) and
makes use of the X-ray fluorescence (XRF) technique applied directly at
the surface of split sediment cores. The general method and some calibra-
tion procedures are described by Jansen et al. (1998). XRF is based on the
fact that incident X-rays increase the energy level in an atom. As a result
an electron from the inner shell is emitted. This vacancy is filled by an
electron from an outer shell (higher energy level), which moves into the
position of the emitted electron. The surplus energy detected in the fluo-
rescent radiation, reflecting the energy difference between the shells, is
element specific (Potts 1987).

The XRF core scanner is made of a cover and a core fit system, which
are pneumatically activated. The central sensor unit consists of a molybde-
num X-ray source (3-50 kV) and a Peltier-cooled PSI detector (KEVEX™)
with a 125 pum beryllium window and a multichannel analyser with a 20
eV spectral resolution. The X-ray tube and the detector are orientated in
such way that the incident beam and the detector make an angle of 45°
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with the surface of the sample (Fig. 4.2). The whole system is computer
controlled. The system configuration (X-ray tube energy, detector sensibil-
ity) at the University of Bremen allows the analysis of elements from po-
tassium (K, atomic number 19) to strontium (Sr, atomic number 38) (X-ray
tube voltage: 20 kV). During the analysis, the measurement unit (X-ray
source and detector) is moved in vertical direction, the plastic prism is
lowered on the core surface (covered by a special foil) and a slit defines
the dimensions of the irradiated surface. To avoid loss of energy because
of scattering in air, the area of analysis is flushed by helium. The core is
moved in horizontal direction.

Fig. 4.2 Picture and schematic illustration of the measurement chamber of the
XRF core scanner of the Geosciences Department of Bremen University. The X-
ray tube and the detector are orientated so that the incident beam and the detector
make an angle of 45° with the surface of the sample. Schematic illustration is
modified after Rohl and Abrams (2000).

Element intensities (iron (Fe), calcium (Ca), potassium (K), titanium
(Ti), manganese (Mn), strontium (Sr) and copper (Cu)) were analysed each
5 c¢m in Holes U1316A (Sections 307-U1316A-1H-1 to 307-U1316A-7H-
CC), U1317E (all sections) and U1318B (Sections 307-U1318B-1H-1 to
307-U1318B-10H-CC), each measurement over an area of 1 cm? at the top
of the archive halve sections. A resolution of 2 cm was achieved in Sec-
tions 307-1316B-7H-1 to 307-1316B-7H-5 and Section 307-1317C-7H-4,
zooming in on the mound base. A 30 second count time was used for all
the measurements together with an X-ray current of 0.087 mA. The ac-
quired XRF spectrum for each measurement was processed with the
KEVEX™ software Toolbox®. Background subtraction, sum-peak and es-
cape-peak correction, deconvolution and peak integration were succes-
sively applied. The resulting data are basically element intensities in
counts per second. Element concentration (e.g. in percent or parts per mil-
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lion) are not directly available, but by comparisons with data from stan-
dard chemical analyses from discrete samples, these counts can be con-
verted to element concentrations (Jansen et al. 1998; Chap. 4.3.1).

4.2 Geophysical records

4.2.1 Cyclic record

Figs. 4.3, 4.4, 4.5 and 4.6 represent the magnetic susceptibility, the bulk
density (GRA) and the natural gamma radiation (NGR) in function of
depth (mbsf) for Holes U1317A, U1317B, U1317C and U1317E. The col-
our reflectance, as discussed and described in Chap. 3, is also presented in
function of depth (mbsf) for Holes U1317A (Fig. 4.3) and U1317C (Fig.
4.5). P-wave (sonic) velocity, porosity and density measurements on dis-
crete samples are presented in function of depth (mbsf) on Fig. 4.3 for
Hole U1317A. All the records are respectively smoothed by a 7-points
running mean (black line on Figs. 4.3, 4.4, 4.5 and 4.6) and filtered with a
Gaussian filter centred at a frequency of 0.07 and a bandwidth of 0.015 to
identify the different cycles (red line on Figs. 4.3, 4.4, 4.5 and 4.6).

Magnetic susceptibility

The magnetic susceptibilities for all the holes are described in detail in
Sect. 5.3 ("Environmental magnetism"), showing that the terrigenous
paramagnetic mineral fraction (mainly the clay minerals illite and chlorite)
controls the susceptibility records while diamagnetic carbonate dilutes the
terrigenous fraction in well-defined intervals. This alternation controls the
cyclicity in the susceptibility records (grey boxes on Figs. 4.3, 4.4, 4.5 and
4.6). Most of the cycles are characterized by a saw-tooth like pattern, i.e. a
sharp increase in the susceptibility followed by a gentle decline going from
the bottom to the top of each cycle. The highest susceptibilities are reached
at the top of the record to fall down to the lowest values encountered in the
mound core at 0.75 mbsf in Hole U1317A, 2.50 mbsf in Hole U1317B,
4.00 mbsf in Hole U1317C and 0.90 mbsf in Hole U1317E. A second
sharp peak value is observed at 21.50 mbsf in Hole U1317A, 25.00 mbsf
in Hole U1317B, 27.00 mbsf in Hole U1317C and 23.50 mbsf in Hole
U1317E (Figs. 4.3, 4.4, 4.5 and 4.6).
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Gamma ray attenuation density (GRA density)

In Hole U1317A, the GRA corrected density (g/cm®) and density meas-
urements on discrete samples display similar trends, indicating the reliabil-
ity of the GRA corrected density measured with the MST. However, it
should be mentioned that the GRA densitometer measurements are gener-
ally a bit higher than the density measurements on discrete samples (Fig.
4.3). Air trapped in the sediment-filled beakers (unconsolidated sediments)
reduces the relative saturated weight and increases the relative volume
measured in the pycnometer, thereby decreasing the resulting bulk density
(Exp. 307 Scientists 2006b). The GRA density varies between 1.70 g/cm®
and 2.20 g/cm® throughout the mound body for all the holes (Figs. 4.3, 4.4,
4.5 and 4.6), with an average of ~1.99 g/cm®. The overall pattern shows a
gradual increase in density throughout the core, going together with a gen-
eral decrease in porosity (Fig. 4.3). This can be explained by the degree of
compaction, whereby sediments localized deeper in the mound body are
influenced by a higher degree of compaction (and thus a higher density
and a lower porosity) than sediments at the surface. The average porosity
is calculated to be ~50% in the mound body. Density decreases from 2.10
g/cm®to 1.70 -1.80 g/cm® in the upper ~15.00 metres and increases again
to 2.00 g/cm?® around ~25.00 mbsf. Density values increase gradually to
~60.00-65.00 mbsf, remain stable until ~ 100.00 mbsf and decrease then
again slowly towards the mound base. A similar cyclic record as noted in
the magnetic susceptibility and the colour reflectance characterizes the
GRA corrected density and is overprinting the general background trends
(light grey boxes on Figs. 3.4, 4.4, 4.5 and 4.6). Lighter intervals, charac-
terized by low susceptibilities, have lower densities, while darker intervals
with a high susceptibility are characterized by high densities. So, it can be
said that the carbonate-rich intervals have a lower density.

Fig. 4.3 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), porosity (%), NGR (counts/s), P-wave velocity (m/s) and colour reflec-
tance (L*)) in function of depth (mbsf) for Hole U1317A. Grey lines represent raw
values. Black lines represent smoothed records (7-points running mean). Red lines
represent filtered records (Gaussian filtering centred at a frequency of 0.07 +/-
0.015). Points represent measurements on discrete samples. Grey boxes corre-
spond with interpreted cycles. Dark grey boxes correspond with semi-lithified ho-
rizons. Red horizontal lines correspond with interpreted hiatus and the mound
base. Black horizontal dashed lines represent correlating tiepoints.
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Fig. 4.4 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), and NGR (counts/s)) in function of depth (mbsf) for Hole U1317B. Grey
lines represent raw values. Black lines represent smoothed records (7-points run-
ning mean). Red lines represent filtered records (Gaussian filtering centred at a
frequency of 0.07 +/- 0.015). Grey boxes correspond with interpreted cycles. Dark
grey boxes correspond with semi-lithified horizons. Red horizontal lines corre-
spond with interpreted hiatus and the mound base. Black horizontal dashed lines
represent correlating tiepoints.

However, it should be noted that the cyclicity noted in the GRA density
record is not as pronounced as in the other geophysical records (magnetic
susceptibility and NGR). Moreover, a small shift in the cycles of the GRA
density compared to the cycles in susceptibility and NGR is noted. This
small shift and the less pronounced cycles in the density can be explained
by the presence of some more lithified ("semi-lithified") layers in the car-
bonate-rich (lighter) intervals (Sects. 3.2.1 and 4.5.2), which have in par-
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ticular an influence on the density. These small semi-lithified layers are
mapped in detail for Hole U1317A and are visualized on Fig. 4.3 by the
dark grey boxes. The most important semi-lithified layers are also mapped
in the other holes (dark grey boxes on Figs. 4.3, 4.4 and 4.5). It should be
mentioned that the semi-lithified layers are occurring in these part of the
cycles where the susceptibilities are reaching the lowest values and colour
reflectance are reaching the highest values. Another explanation of the
small shift in cycles can be the changing quantity of coral fragments,
which do not have a major influence on the magnetic susceptibility and the
NGR but which can influence the density records.

Natural gamma radiation (NGR)

The NGR varies throughout the mound body between 10.00 and 40.00
counts/s, with an average value around ~21.50 counts/s (Figs. 4.3, 4.4, 4.5
and 4.6). The upper ~20.00-25.00 mbsf are characterized by a general in-
creasing trend. This increasing trend is continuing below ~20.00-25.00
mbsf but with a gentler slope, to decrease below ~100.00 mbsf until the
mound base. The cyclic record, characterizing all the geophysical records
is also overprinting the background variabilities of the NGR. The parallel
trend between the NGR and the magnetic susceptibility curve in the mound
body is remarkable. Just as the cycles observed in the susceptibility re-
cords, a saw-tooth like pattern is characterizing the cycles present in the
NGR records. Intervals with a high susceptibility and a high GRA density
correspond with a high NGR, which reflects the important contribution of
clay minerals (or clayey silt) to the sediments in these intervals. In the in-
tervals characterized with a lower susceptibility corresponding with a
lower NGR, carbonate-rich material dilutes the NGR signals.

P-wave velocity (PWL and PWS)

PWL measurements at Site U1317 could not be used for detailed interpre-
tation due to the high amount of artefacts in the measurements caused by
the presence of coral fragments in a muddy matrix. However, there are still
trends that can be derived from the PWS data collected in Hole U1317A
(Fig. 4.3). Between 20.00 and 55.00 mbsf, the velocity remains constant
with an average value of +/- 1600 m/s. From 60.00 to 80.00 mbsf, higher
velocities have been measured (up to 1800 m/s). Below 80.00 mbsf, the
velocity drops again towards values averaging around 1600 m/s. The high
velocity values between 60.00 and 80.00 mbsf corresponds with low NGR
and low susceptibility values, characterized by carbonate-rich material. It
should be noted that especially this interval corresponds with a high accu-
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mulation of semi-lithified horizons. So, the high P-wave velocities be-
tween 60.00 and 80.00 mbsf can be explained by the presence of those
semi-lithified horizons (Fig. 4.3).

Fig. 4.5 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), porosity (%), NGR (counts/s) and colour reflectance (L*)) in function of
depth (mbsf) for Hole U1317C. Grey lines represent raw values. Black lines repre-
sent smoothed records (7-points running mean). Red lines represent filtered re-
cords (Gaussian filtering centred at a frequency of 0.07 +/- 0.015). Grey boxes
correspond with interpreted cycles. Dark grey boxes correspond with semi-
lithified horizons. Red horizontal lines correspond with interpreted hiatus and the
mound base. Black horizontal dashed lines represent correlating tiepoints.
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Fig. 4.6 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), and NGR (counts/s)) in function of depth (mbsf) for Hole U1317E. Grey
lines represent raw values. Black lines represent smoothed records (7-points run-
ning mean). Red lines represent filtered records (Gaussian filtering centred at a
frequency of 0.07 +/- 0.015). Grey boxes correspond with interpreted cycles. Dark
grey boxes correspond with semi-lithified horizons. Red horizontal lines corre-
spond with interpreted hiatus and the mound base. Black horizontal dashed lines
represent correlating tiepoints.

4.2.2 Interpretation and correlation

A comparative study between the filtered records of Holes U1317A,
U1317B, U1317C and U1317E, using the AnalySeries software package
developed by Paillard et al. (1996), made it possible to define tiepoints be-
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tween the different holes (Table 4.1) and to distinguish 13 different cycles
numbered from 1 to 13 starting from the top of the mound towards the
mound base (Figs. 4.3, 4.4, 4.5 and 4.6; Table 4.2). The definition of the
tiepoints is based on peak values recorded in the smoothed records,
whereas the cycles are based on the filtered records. This explains the off-
set between the depths of the tiepoints and the depths of the different cy-
cles. The tiepoints and cycles were used to correlate the geophysical re-
cords from the different holes.

Table 4.1 Depths (mbsf) of the defined, correlating tiepoints in Holes U1317A,
U1317B, U1317C and U1317E.

Tiepoints  U1317A [mbsf] U1317B [mbsf] U1317C [mbsf] U1317E [mbsf]

Tiepointl 2.70 5.50 7.00 5.00
Tiepoint2 8.00 13.70 14.30 18.06
Tiepoint3 21.65 25.30 27.35 24.00
Tiepoint4 44.95 47.11 48.50 44.00
Tiepoint5 66.20 64.50 67.00 61.50
Tiepoint 6 70.50 72.50 74.95 68.70
Tiepoint 7 81.00 81.81 85.00 82.00
Tiepoint8 93.00 104.00 108.50 107.85
Tiepoint9 104.80 115.20 118.00 116.99
Tiepoint 10 119.55 133.20 138.00 134.09

Not all the cycles are recognized in all the holes. There are some impor-
tant changes in the amount of cycles going from the flank of the mound
(Hole U1317A) to the top of the mound (Hole U1317E). Cycles 4 and 5
are clearly separated in Hole U1317A (Fig. 4.3) to partly merge in Holes
U1317B and Hole U1317C (Figs. 4.4 and 4.5). In Hole U1317E, they seem
to be completely merged and slimmed down to one cycle (Fig. 4.6). On the
other hand, cycles 7 and 8 are clearly two separated cycles in Hole
U1317E (Fig. 4.6). They merge partly together in Holes U1317B and
U1317C (Figs. 4.4 and 4.5) to become one cycle in Hole U1317A (Fig.
4.3). So, it can be assumed that sedimentation rates were higher and that
more sediment was deposited on top of the mound (Hole U1317E) be-
tween 65.00 and 97.50 mbsf resulting in cycles 7 and 8, while the opposite
is true for cycles 4 and 5. Magnetostratigraphic interpretations show that
cycles 7 and 8 correspond with the Réunion Subchronozone, characterized
by really high sedimentation rates especially on top of the mound (Sect.
5.2.3). As discussed in detail in Sect. 5.3.3, the mound was in an important
growth phase during this period with the highest growth rates centred at
the top of the mound, boosting a vertical growth process. Cycles 4 and 5
are mainly corresponding with the Olduvai Chron, characterized by sedi-
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mentation rates increasing from the top to the flanks of the mound (Sect.
5.2.3). This suggests that the vertical growth phase centred at the top of the
mound is followed by a horizontal expansion of the mound with higher
growth velocities noted at the flanks of the mound compared to the top. An
extra cycle 13 is recorded just above the mound base in Hole U1317E but
is not present in Holes U1317A, U1317B and U1317C. This suggests that
mound initiation started earlier in Hole U1317E compared to the other
holes, which is confirmed by the magnetostratigraphic framework (Sect.
5.2.1).

Table 4.2 Depths (mbsf) of the defined, correlating cycles in Holes U1317A,
U1317B, U1317C and U1317E.

Cycles U1317A [mbsf] U1317B [mbsf] U1317C [mbsf] U1317E [mbsf]

Cycle 1 top 0.75 1.25 top
Cycle 2 8.25 13.00 14.70 12.95
Cycle 3 22.35 26.50 28.85 25.75
Cycle4  35.75 37.90 40.05 42.00
Cycle 5 51.00 48.10 49.95 -
Cycle 6 66.10 62.00 63.50 58.10
Cycle 7 78.85 76.00 78.00 71.00
Cycle 8 - 88.00 94.50 90.00
Cycle 9 91.65 101.00 108.00 104.95
Cycle 10  105.90 116.25 122.85 119.00
Cycle11  118.50 131.00 137.00 132.50
Cycle 12 moundbase moundbase moundbase 146.50
Cycle 13 - - - moundbase

Generally it can be concluded that the saw-tooth like cycles character-
ized by low values of magnetic susceptibility indicate a higher amount of
carbonate-rich material (diamagnetic carbonate) and a lower amount of
siliciclastic material (paramagnetic clays). NGR parallels the magnetic
susceptibilities with higher values reflecting increased clay content. Inter-
vals with higher susceptibilities and higher NGR are generally also charac-
terized by higher densities. The P-wave velocity averages around 1600
m/s, with generally higher velocities in the carbonate-rich intervals. It can
be said that the cyclic record is driven by the alternation between terri-
genous clay-rich siliciclastic sediments and carbonate-dominated sedi-
ments, whereby the carbonate-rich sediments dilute the terrigenous clay-
rich sediments in well-defined intervals. As discussed earlier, the small
offset between the GRA density cycles and the cycles in susceptibility and
NGR can be explained by the presence of semi-lithified horizons which
have particularly an effect on the density, porosity and P-wave velocity.
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Changing coral quantities can also have an influence on the density re-
cords.

The background trends in all the geophysical records are characterized
by an abrupt change around ~20.00-25.00 mbsf, corresponding with cycle
3. This change can be correlated with a lithological and erosive boundary,
representing an important hiatus as discussed in Sect. 5.5.4 (Kano et al.
subm.). Cycle 1 is not completely preserved in the records, but seems to be
best recorded in Hole U1317C. The base of cycle 1 also corresponds with
an erosive boundary. Datings in Hole U1317E and on a gravity core
(MD01-2450) on top of the mound record showed that this uppermost ero-
sive boundary also represents a hiatus (Sects. 5.5.4 and 6.4.2).

4.3 Geochemical records

4.3.1 Cyclic record

XRF measurements made it possible to do a semi-quantitative analysis of
the major chemical elements (Fe, Ca, K, Ti, Mn, Sr and Cu) in the mound
sediments of Hole U1317E. The relative variations of the major chemical
elements from Hole U1317E (counts/s), the smoothed records (7-points
running mean) and the filtered records (Gaussian filtering at a frequency of
0.07 and a bandwidth of 0.015) are presented in function of depth (mbsf)
on Fig. 4.7. The most important elements are Ca and Fe, occurring with an
average of respectively 6043 counts/s and 1778 counts/s, followed by K,
Sr and Ti with an average of respectively 264 counts/s, 236 counts/s and
69 counts/s. The other elements that were calculated from the spectrum
(Mn, ~37 counts/s and Cu, ~33 counts/s) are close to the nominal sensitiv-
ity of the XRF core scanner and will be excluded from further analyses.

Fe, Kand Ti

Fe intensities are varying between 305 and 6000 counts/s (Fig. 4.7). In the
upper metre Fe counts are decreasing from 3800 counts/s to 500 counts/s.
Below 1.00 mbsf, Fe intensities slightly increase until 23.50 mbsf. A sec-
ond general increasing trend is observed between 23.50 mbsf and 60.00
mbsf, followed by a third increasing trend from 63.00 mbsf to 108.00
mbsf. Below 108.00 mbsf Fe count rates drop to lower values to reach
maximum values between 131.00 mbsf and 136.00 mbsf, and 141.00 mbsf
and 146.00 mbsf. Just below the mound base Fe intensities are around
2000 counts/s. A similar depth pattern is observed in the Ti (varying be-
tween 2 and 310 counts/s) and K (varying between 50 and 490 counts/s)
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intensities. The same cycles as observed in the geophysical properties and
the reflectance, are overprinting the background trends in the intensities of
Fe, K and Ti (grey boxes on Fig. 4.7). It should be noted that most of the
cycles have a typical saw-tooth like pattern. Elements like Fe, Ti and K are
related to siliciclastic components and vary directly with the terrigenous
fraction of the sediment (R6hl and Abrams 2000). Probably clay minerals
play hereby an important role.

Caand Sr

Ca count rates are varying between 1130 and 11412 counts/s and are
strongly anti-correlated with Fe variations (Fig. 4.7). Ca values increase
from 1200 to 8000 counts/s in the upper metre, to decrease again to 4000
counts/s at a depth of 23.50 mbsf. A second decreasing trend is observed
from 23.50 mbsf on, to reach the lowest values around 60.00 mbsf. From
63.00 mbsf until a depth of 108.00 mbsf, the Ca intensities are character-
ized by a third decreasing trend. Below 108.00 mbsf, Ca intensities jump
to slightly higher values to reach minimal count rates between 131.00 mbsf
and 136.00 mbsf, and 141.00 mbsf and 146.00 mbsf. Just below the mound
base Ca intensities fall back to 4000 counts/s. Again, a cyclic record is
overprinting the general background trends. Comparison of shipboard car-
bonate data obtained from the analysis of discrete samples with measured
Ca intensity variations of about 2000 to 10000 counts/s reflect carbonate
contents (CaCQOs) varying between 20.00 and 70.00 weight%, with an av-
erage of 49.60 weight%. To enable determination of carbonate mass ac-
cumulation rates, discrete samples were measured for inorganic carbon
content using a Coulometrics 5011 CO, coulometer (Exp. 307 Scientist
2006Db). A total of ~10-15 mg of freeze-dried sediment was weighted and
reacted with 2N HCI. The liberated CO, was titrated, and the end point
was determined by a photo detector. Calcium carbonate concentration, ex-
pressed as weight percent, was then calculated from the inorganic carbon
content, assuming that all released CO, was derived from dissolution of
CaCO0g, by the following equation (Eq. 4.6):

CaCO; (weight%) = 8.33 * inorganic carbon (weight%) (4.6)

No correction was made for the presence of other carbonate minerals such
as dolomite. Analytical uncertainty, based on repeated measurements of
reagent-grade calcium carbonate, was +/- 1.00%.
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Fig. 4.7 Geochemical properties (Fe, Ca, K, Ti and Sr (counts/s)) in function of
depth (mbsf) for Hole U1317E. Grey lines represent raw values. Black lines repre-
sent smoothed records (7-points running mean). Red lines represent filtered re-
cords (Gaussian filtering centred at a frequency of 0.07 +/- 0.015). Grey boxes
correspond with interpreted cycles. Red horizontal lines correspond with inter-
preted hiatus and the mound base.

The Fe-intensities show an inverse relationship with the Ca values over
the whole studied interval, suggesting that this site is predominantly a two-
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component sedimentary environment, whereby the cyclic record of the
carbonate content is mainly controlled by terrigenous input. However, it
should be mentioned that the record of the Ca count rates is more influ-
enced by short-term variabilities, especially in the Ca-rich intervals, than
the record of the Fe intensities. Carbonate is mainly present in the mound
sediments as calcite and aragonite, whereby calcite is mainly originating
from nannofossil ooze, whereas aragonite is mainly concentrated in the
coral fragments (Sect. 3.2.2). However, no clear positive relationship can
be found between coral quantity (volume percentages) and Ca count rates
(Fig. 4.8A). On the contrary, a negative relationship can be inferred. In-
deed, as discussed in Sect. 3.3.2, dissolution is occurring in the Ca-rich in-
tervals, with preferable aragonite dissolution (dissolution of coral frag-
ments) which can have a negative effect on the coral quantity records. On
the other hand, the difficulties in detection of cold-water coral fragments in
lighter intervals can influence the coral quantity records, leading to under-
estimation of the cold-water coral fragments in the lighter intervals. As
noted in Sect. 3.2.2, the small amount of diagenetic low-magnesium calcite
can not be neglected, certainly not in the semi-lithified horizons. Fig. 4.7
shows that these semi-lithified horizons are corresponding with the highest
Ca count rates. So, diagenesis has a secondary influence on the Ca-
contents especially in the Ca-rich horizons.
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Fig. 4.8 A Ca intensities (counts/s) in function of coral quantity (volume%). B Sr
intensities (counts/s) in function of coral quantity (volume%).

Sr intensities are characterized by values between 100 and 500 counts/s.
At first sight, a similar cyclic character can be observed between the Ca
count rates and the Sr intensities. By looking more in detail to the Sr re-
cords, a shift between the cycles in the Sr count rates and the cycles re-
corded in the other geochemical parameters is observed. This suggests that
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a secondary cyclicity is overprinting the primary cyclicity in the Sr count
rates. Sr can be an indication for the amount of aragonite in the mound
core. As the aragonite in the mound sediments is mainly originating from
cold-water coral fragments, Sr count rates are thus an indicator for the
amount of cold-water coral fragments in the mound. Indeed, by comparing
the coral quantities (volume percentages), as defined in Sect. 3.3.1, with
the Sr intensities, a positive correlation can be observed (Fig. 4.8b). Disso-
lution of coral fragments (dissolution of aragonite) will have an important
impact on the Sr contents, suggesting that diagenesis can dilute the pri-
mary cyclic record extensively.

4.3.2 Relationship with physical properties

The most important element intensities (Fe and Ca) can now be compared
with the geophysical properties (magnetic susceptibility, GRA density and
NGR) (Fig. 4.9). Fe is correlating positively with the geophysical records.
In particular, the Fe intensities are correlating well with the magnetic sus-
ceptibility and the NGR, whereby higher Fe intensities correspond with
higher susceptibilities and higher NGR (Fig. 4.9A-C) suggesting that the
susceptibility and the NGR records are mainly influenced by Fe-rich terri-
genous clay minerals. The correlation with the GRA density is less pro-
nounced (Fig. 4.9B) which can be explained by the fact that the density is
probably influenced by the presence of semi-lithified layers formed during
diagenetic processes. On the other hand changing coral quantities might in-
fluence the density records too.

Ca is negatively correlated with the presented geophysical records (Fig.
4.9D-E-F) but the correlation with the susceptibility and the NGR is not as
pronounced as the correlations between the Fe intensities and these pa-
rameters. Two trends are recognized in the correlation plots, suggesting
that the Ca records are influenced by two different processes. On the one
hand, a similar trend can be inferred with a similar gradient as observed in
the correlation plots of the Fe count rates with the susceptibility and the
NGR but in opposite direction, suggesting that the presence of terrigenous
Fe-rich material dilutes the Ca-rich intervals (or the other way around, i.e.
the Ca-rich material dilutes the Fe-rich intervals). On the other hand, a
second trend is observed in the Ca-rich intervals (with a steeper gradient)
suggesting that diagenetic processes (i.e. dissolution of coral fragments
and reprecipitation of a second carbonate phase) are influencing the Ca in-
tensities in these intervals. A better correlation is observed between the Ca
count rates and the GRA density than between the Fe intensities and the
GRA densities, suggesting that both parameters (Ca count rates and GRA
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density) are influenced by the same mixture of processes (diagenesis and
dilution by terrigenous material). This suggest that the GRA density is
rather influenced by diagenetic processes (by the formation of semi-
lithified layers and coral dissolution), than changing coral quantities as
mentioned earlier. So, it can be concluded that the cyclicity in the geo-
physical records (mainly in the susceptibility and the NGR) and the cyclic-
ity in the geochemical composition (mainly carried by the elements Fe and
Ca), is driven by the alternation between intervals dominated by terri-
genous clay-rich siliciclastic sediments and intervals characterized by a
high amount of (biogenic) calcareous sediments. Coral dissolution and the
formation of semi-lithified layers due to diagenetic processes influence the
Ca intensities and the density records mainly in the Ca-rich intervals.
Cold-water coral fragments are present in changing quantities in both the
Ca-rich intervals and the Fe-rich intervals.

Fig. 4.9 A Fe intensities (counts/s) in function of magnetic susceptibility (10° SI
units). B Fe intensities (counts/s) in function of GRA density (g/cm®). C Fe inten-
sities (counts/s) in function of NGR (counts/s). D Ca intensities (counts/s) in func-
tion of magnetic susceptibility (10 SI units). E Ca intensities (counts/s) in func-
tion of GRA density (g/cm®). F Ca intensities (counts/s) in function of NGR
(counts/s). Red lines represent trend lines but have no statistical relevance.
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4.4 Logging the off-mound records

4.4.1 Site U1316

Figures 4.10 and 4.11 represent respectively the geophysical records (mag-
netic susceptibility, GRA density, density measurements and porosity on
discrete samples, NGR, P-wave velocity and colour reflectance) (Fig. 4.10)
and the geochemical records (Fe, Ca, K, Ti, Mn, Sr) (Fig. 4.11) for Hole
U1316A between 0 and 60.00 mbsf. This upper section represents the
sediments above the unconformity correlating with the mound base, de-
termined in Hole U1316A at a depth of 55.06 mbsf and corresponding with
a major hiatus (Kano et al. subm.; Sect. 5.4.1). An overview of the lithol-
ogy of these upper sediments, according to the Exp. 307 Scientists
(2006¢), is given in Sect. 3.5.1.

Geophysical properties

The magnetic susceptibility measurements range from 5.00 * 10° to
100.00 * 10® SI units in the studied interval (above 60.00 mbsf) (Fig.
4.10). A gradual increase until 35.00 mbsf is recorded with several saw-
tooth intervals of different strength and periodicity superposed on the
background trend. A break in the general increasing trend is observed at
20.00 mbsf, with a drop in susceptibility of ~20.00 * 10®° SI units. From
35.00 mbsf to 44.00 mbsf, the magnetic susceptibility increases with a
higher gradient, superimposed with cycles characterized by a shorter pe-
riod and a higher variability than the saw-tooth cycles in the uppermost
section. Around 44.00 mbsf the magnetic susceptibility drops sharply to
~30.00 * 10° SI units, followed by a more gradual reduction between
50.00 mbsf and 55.06 mbsf to reach values as low as 3.00 * 10 to 4.00 *
10 SI units. Below 55.06 mbsf, identified as the mound base, the mag-
netic susceptibility remains very low, varying between 3.00 * 10™ and
10.00 * 10” Sl units.

Fig. 4.10 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), porosity (%), NGR (counts/s), P-wave velocity (m/s) and colour reflec-
tance (L*)) in function of depth (mbsf) for Hole U1316A. Grey lines represent raw
values. Black lines represent smoothed records (7-points running mean). Points
represent measurements on discrete samples. Grey boxes correspond with specific
minima and maxima. Red horizontal line corresponds with the mound base. Black
arrows represent the described trends. Black horizontal lines and numbers repre-
sent correlating lithological units as described by the Exp. 307 Scientists (2006c)
and summarized in Sect. 3.5.1.
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The GRA corrected densities and the bulk densities measured on dis-
crete samples display parallel trends (Fig. 4.10). The densities are varying
between 1.80 and 2.10 g/cm?. The porosity, measured on discrete samples,
has values between 40% and 60% and is anti-correlating with the density
measurements (Fig. 4.10). Density increases in the upper 5.90 metres from
1.80 to 2.00 g/cm®. From there the values decrease to 1.70 g/cm® and in-
crease again to a clear maximum (2.10 g/cm?®) at a depth of 15.50 mbsf,
followed by a second maximum at a depth of 20.00 mbsf. Below 22.00
mbsf the densities remain at a constant level of 1.90 g/cm® to increase
again at 30.00 mbsf to a maximum of 2.10 g/cm?® at 32.00 mbsf. Between
36.00 and 44.00 mbsf, the densities increase in different cycles with
maxima at 38.00, 41.00 and 44.00 mbsf. Below 44.00 mbsf, the data re-
main at a constant level until the mound base (55.06 mbsf), with some su-
perimposed cycles varying around 2.00 g/cm®.

The NGR depth curve shows an overall gradual increase in the upper-
most 16.00 mbsf, characterized by high-frequency and high-amplitude
variations (Fig. 4.10). Between 16.00 and 21.00 mbsf, a small decrease is
recorded in the NGR, which next stays at a nearly constant level from
21.00 to 35.00 mbsf. NGR increases slightly below 35.00 mbsf to drop
abruptly to lower values at 43.00 mbsf. Below 44.00 mbsf, NGR increases
a bit, to decrease below 46.00 mbsf in different steps towards the mound
base (55.06 mbsf). A sharp decline is observed at 50.00 mbsf.

P-wave velocities show similar patterns as the density measurements
(Fig. 4.10). Velocity increases in the upper 5.90 mbsf. Below 6.00 mbsf, P-
wave velocity decreases, to increase again around 12.00 mbsf, reaching a
maximum at 16.00 mbsf. Between 16.00 and 44.00 mbsf, a gradual in-
crease is observed from 1550 to 1630 m/s. The PWS data show consider-
able scatter and an overall increasing trend between 44.00 and 55.06 mbsf.

Fig. 4.11 Geochemical properties (Fe, Ca, K, Ti, Sr and Mn (counts/s)) in function
of depth (mbsf) for Hole U1316A. Grey lines represent raw values. Black lines
represent smoothed records (7-points running mean). Grey boxes correspond with
specific minima and maxima. Red horizontal line corresponds with the mound
base. Black horizontal lines and numbers represent correlating lithological units as
described by the Exp. 307 Scientists (2006c¢) and summarized in Sect. 3.5.1.
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Geochemical properties

Fe, Ca, K, Ti, Mn and Sr intensities (counts/s) are presented in function of
the depth (mbsf) for Hole U1316A on Fig. 4.11. Fe is the most important
element measured in Hole U1316A (above the mound base), varying be-
tween 500 and 8000 counts/s with an average of 2615 counts/s. Fe intensi-
ties decrease slightly in the upper 5.90 m with some local minima at 1.20,
4.00 and 5.90 mbsf. Below 6.00 mbsf Fe count rates increase to drop at
16.00 mbsf to a clear minimum, followed by a second minimum at 20.00
mbsf. Around 25.90 mbsf Fe intensities drop again to lower values to stay
between 26.00 and 44.00 mbsf at a constant level with clear minima at
32.00, 38.00, 41.00 and 44.00 mbsf. Below 44.40 mbsf, Fe count rates de-
crease abruptly in two steps respectively between 44.40 and 50.00 mbsf
and between 50.90 and 55.06 mbsf. In these lowermost intervals Fe inten-
sities are fluctuating more intensively than the other intervals. Just below
the mound base (55.06 mbsf), Fe count rates are stabilizing around 2000
counts/s, which is lower than the average Fe intensities in the uppermost
intervals.

The elements K, varying between 200 and 550 counts/s with an average
value of 418 counts/s, Ti, having intensities between 20 and 250 counts/s
and an average value of 194 counts/s, and Mn, with count rates between 10
and 140 counts/s and an average value of 92 counts/s, are following the
same trends as the Fe intensities. This suggests that the elements K, T and
Mn are originating probably from the same source as the element Fe.

Ca intensities are stable above 44.00 mbsf, varying around 2054
counts/s. Some local maxima are observed at 1.20, 5.90, 16.00, 20.00,
25.90 and 41.00 mbsf. Below 44.40 mbsf, Ca count rates increase seri-
ously to values up to 10000 counts/s just above the mound base (55.90
mbsf). Below the mound base, Ca count rates are quite high, having values
around 5150 counts/s.

Sr intensities are following the same trends as the Ca intensities, with
stable values averaging around 28 counts/s above 44.00 mbsf. Between
44.40 and 50.90 mbsf, Sr count rates are increasing, to increase further in a
second step between 50.90 and 55.06 mbsf up to values of 250 counts/s.

Interpretation

Magnetic susceptibilities and NGR in the upper 44.00 mbsf are higher than
the sediments encountered in the mound body (Sect. 4.2.1), which can be
explained by the higher Fe count rates, so probably a higher amount of ter-
rigenous clay-rich material, and lower Ca intensities, hence less dilution of
the clay-rich sediments by Ca-rich material. Ca and Fe count rates are
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again antipodal in the upper intervals, but this is less pronounced than in
the mound sediments. The density changes are more pronounced than in
the mound sediments, whereas P-wave velocity seems to be a bit lower
than in the mound body. Densities and P-wave velocities are following the
same trends, whereby higher densities correspond with higher P-wave ve-
locities. Magnetic susceptibility and NGR are also correlating well and
with the Fe intensities, but are anti-correlating with the P-wave velocities
and the densities.

The upper 44.00 mbsf correspond with lithological unit 1, as described
in Sect. 3.5.1, characterized by silty clays. The increase in density, P-wave
velocity and Ca intensity and the small decrease in magnetic susceptibility,
NGR and Fe intensity around 5.90 mbsf correspond with a very thin shell
debris layer and an interval of more silty material at these depths. Around
16.00 mbsf another maximum in density and P-wave velocity is observed
as well as a small peak in Ca intensity, correlating with a minimum in
magnetic susceptibility, NGR and Fe count rates. This maximum corre-
sponds with an interval of slightly coarser material (sandy silt). Similar
characteristics as observed around 16.00 mbsf in the geophysical and geo-
chemical records are visible around 20.00 and 25.90 mbsf, which can be
explained again by the presence of a coarser interval in between the homo-
geneous muds of lithological unit 1.

From 25.90 mbsf on, the sediments of lithological unit 1 are character-
ized by very dark olive-grey to dark grey silty clay, intercalated more fre-
guently with centimetre-scaled sandy laminations (~ lithological unit 1B,
Sect. 3.5.1). This explains the slightly lower NGR compared to the con-
cave curve of NGR in the upper 25.90 mbsf (~ lithological unit 1A, Sect.
3.5.1), characterizing the high amount of clay minerals in the upper inter-
vals. The cm- to mm-scaled laminations are responsible for the more spiky
records of magnetic susceptibility below 25.90 mbsf. Small remarkable in-
tervals are present in the records between 25.90 mbsf and 44.40 mbsf,
which are most pronounced in the geochemical records. At 41.00 mbsf, a
lower Fe intensity and a higher Ca intensity correspond with a deformation
structure composed of a mixture of silty clay layers with a calcareous fine
to medium sand. The presence of small coral rubble fragments in the upper
part of this small layer can indicate that this material was slumping from
the mound to the off-mound regions. The decrease in Fe count rates just
above 44.40 mbsf, correlating with a decrease in NGR and a decrease in
density, corresponds with an erosive unconformity overlain by a fining-
upwards sequence of fine sand beds. The lower Fe intensities at respec-
tively 32.00 and 38.00 mbsf correspond with slightly coarser (more silty)
intervals, nearly not visible in the lithology. Another remarkable observa-
tion is noted between 35.00 and 44.40 mbsf in the magnetic susceptibility
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and the density records. Whereas between 0 and 35.00 mbsf the density
and magnetic susceptibility are anti-correlating, both parameters seem to
follow the same general trend between 35.00 and 44.40 mbsf. In this inter-
val there is even some discrepancy between the magnetic susceptibility
and the Fe intensities, which means that the susceptibility is probably in-
fluenced by diagenetic processes. Iron sulphides or bacterial biominerali-
zation may have played an important role here. However, we should take
into account that coarser-grained magnetic material from a different source
can also be responsible for the observed changes in magnetic susceptibil-
ity. Probably the last explanation is more favourable because of the posi-
tive correlation with the GRA density in this particular interval.

The sharp drops in magnetic susceptibility, NGR and Fe intensities and
the sharp increase in Ca and Sr intensities between 44.40 and 55.06 mbsf
correspond with lithological unit 2 (Sect. 3.4.1), characterized by the pres-
ence of sequences containing coral fragments. The increase in carbonate
content causes the decrease in magnetic susceptibility and also a gradual
decrease in NGR because of the limited clay content in these intervals. The
two steps observed in the Fe, Ca and Sr intensities, with higher Fe intensi-
ties and lower Ca and Sr intensities between 44.40 and 50.90 mbsf, com-
pared to the intensities of the same elements in the interval between 50.90
and 55.06 mbsf, can be correlated with respectively subunits 2A and 2B.
Subunit 2A is dominated by siliciclastic fine to medium sands, whereas
corals predominate in subunit 2. It can be discussed if the observed coral
intervals in the lowermost interval (subunit 2B) are in situ (autochthonous)
or are transported by gravitational processes from the mound (allochtho-
nous). Ca and Sr contents indicate that two major coral intervals can be
distinguished. The lower Ca and Sr intensities in the upper coral interval
can indicate indeed the mixing of the coral fragments with surrounding
sediments, while the higher Sr contents in the lowermost intervals can in-
dicate in situ coral fragments. However, it has been noted that diagenesis
by coral dissolution can overprint the Ca and Sr records, so the hypothesis
of the lower layer with in situ coral fragments and the upper layer charac-
terized by transported coral fragments should be interpreted with caution.
The mound base at 55.06 mbsf is clearly recognized in all the geophysical
and geochemical parameters.

It can be concluded that the sediments in the upper intervals of Hole
U1316A are dominantly terrigenous Fe- and clay-rich sediments character-
ized by high Fe intensities, high NGR and rather high magnetic suscepti-
bilities. Some intercalations of coarser material are observed, characterized
by higher Ca intensities, higher densities and higher P-wave velocities but
lower Fe count rates, lower magnetic susceptibilities and lower NGR. The
lowermost intervals are diluted by the presence of coral fragments.
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4.4.2 Site U1318

Geophysical properties (magnetic susceptibility, GRA density, NGR, P-
wave velocity and colour reflectance) and the major chemical element in-
tensities (Ca, Fe, K, Ti and Mn) are presented in function of depth (mbsf)
for the upper 90.00 mbsf of Hole U1318B on respectively Figs. 4.12 and
4.13. As discussed in Sect. 3.5.2 and in the cruise reports of IODP Expedi-
tion Leg 307 (Exp. 307 Scientists 2006e), these uppermost sediments in
Hole U1318B correspond with the clayey succession of lithological unit 1
(from 0 to 82.00 mbsf) and the more sandy lithological unit 2 (from 82.00
to 86.20 mbsf). The base of lithological unit 2 can be correlated with the
mound base representing a major hiatus (Kano et al. subm.; Louwye et al.
subm.; Sect. 5.4.2).

Geophysical properties

Magnetic susceptibilities are varying above 86.20 mbsf between 20.00 *
10™ and 120.00 * 10” Sl units (Fig. 4.14). Below 86.20 mbsf, susceptibili-
ties are characterized by much lower values, averaging around 7.80 * 10°
Sl units. A gradual increase is observed in the upper 35.03 mbsf, superim-
posed by high-amplitude oscillations. These oscillations have a saw-tooth
like pattern characterized by a sharp decrease and a gradual increase from
the bottom to the top, especially at 14.50 mbsf, 25.40 mbsf and 35.03
mbsf. Below 35.03 mbsf, magnetic susceptibility gradually decreases until
52.00 mbsf, to increase again to a maximum at a depth of 55.80 mbsf. Be-
low 55.80 mbsf, magnetic susceptibilities decrease until 62.00 mbsf, to
jump from these depths to the highest values encountered in the core. Be-
tween 62.00 and 82.00 mbsf, magnetic susceptibilities stay at a rather high
value, to decrease to lower values between 82.00 and 86.20 mbsf. Between
35.03 mbsf and 82.00 mbsf, magnetic susceptibilities are characterized by
more pronounced short-term oscillations than in the uppermost interval.

The GRA density increases gradually in the upper 14.50 mbsf from 1.70
to 2.10 g/cm® (Fig. 4.14). Below 14.50 mbsf, the values decrease sharply to
1.80 g/cm®, remain low until 21.50 mbsf, and increase again in several
steps to maxima at respectively 25.00 mbsf, 30.00 mbsf and 35.04 mbsf.
This is followed by an interval of gradual increase in density, which finally
reaches a local maximum at 52.00 mbsf, followed by a minimum at 62.00
mbsf. Between 62.00 and 82.00 mbsf, densities stay at a rather constant
level, to increase drastically around 82.00 mbsf reaching high values up to
2.20 g/cm? between 82.00 and 86.20 mbsf. Below 86.20, a major break in
the density depth curve corresponds with a reduction in density from ~2.20
to 1.90 g/cm®,
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Fig. 4.12 Geophysical properties (magnetic susceptibility (SI units), density
(g/cm®), NGR (counts/s), P-wave velocity (m/s) and colour reflectance (L*)) in
function of depth (mbsf) for Hole U1318B. Grey lines represent raw values. Black
lines represent smoothed records (7-points running mean). Grey boxes correspond
with specific minima and maxima. Red horizontal line corresponds with the
mound base. Black arrows represent the described trends. Black horizontal lines
and numbers represent correlating lithological units as described by the Exp. 307
Scientists (2006e) and summarized in Sect. 3.5.2.
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The NGR depth curve shows a gradual increasing trend from the top un-
til 80.00 mbsf, characterized by regular and high-amplitude oscillations
and values varying between 40.00 and 60.00 counts/s (Fig. 4.14). NGR de-
creases to lower values between 82.00 and 86.20 mbsf. Below 86.20 mbsf,
NGR is falling back to values averaging around 30 counts/s.

P-wave velocities are following similar trends as the GRA densities. P-
wave velocities increase irregularly in the upper 14.50 mbsf from 1500 to
1650 m/s (Fig. 4.14). Below 14.50, mbsf P-wave velocity decreases to in-
crease again at 21.50 mbsf reaching maxima at 23.20 and 30.0 mbsf. Be-
tween 30.00 and 52.00 mbsf, the values increase slowly to decrease again
between 54.00 and 62.00 mbsf. P-wave velocities slightly increase and de-
crease between 62.00 and 82.00 mbsf. The highest values, up to 1750
mbsf, are reached between 82.00 and 86.20 mbsf.

Geochemical properties

From the geochemical elements measured with the XRF core scanner on
Hole U1318B, the Fe intensities have the highest concentrations, charac-
terized by values varying between 4000 and 7000 counts/s with an average
value of 5385 counts/s in the uppermost sediments, i.e. sediments above
86.20 mbsf (Fig. 4.13). Fe intensities are increasing in the upper 22.00
mbsf, characterized by saw-tooth like patterns with a sharp decrease fol-
lowed by a gradual increase from the bottom to the top at 8.00 and 14.50
mbsf. Below 22.00 mbsf a third saw-tooth like pattern is observed with a
minimum at 25.40 mbsf. Between 25.80 mbsf and 55.80 mbsf, Fe count
rates stay at a rather constant level with local minima at respectively 28.45,
29.70, 35.03, 43.55 and 54.05 mbsf. The mimima at 28.45, 29.70 and
35.03 are again characterized by a saw-tooth like pattern. However, the
other minima have a more general shape. Fe count rates are rather high be-
tween 55.80 and 82.00 mbsf, characterized by lower values at 62.00 and
72.50 mbsf. An abrupt decrease is observed at 82.00 mbsf to reach values
around 4000 counts/s between 82.00 and 86.20 mbsf. A second drop to
values around 2000 counts/s is present just below 86.20 mbsf. K, Ti and
Mn intensities are following the same trends as the Fe intensities. K count
rates have values between 300 and 600 counts/s above 86.20 mbsf and an
average value of 459 counts/s. Ti intensities are characterized by an aver-
age value of 232 counts/s and vary between 150 and 275 counts/s. Mn in-
tensities are averaging around 107 counts/s having minimum values
around 40 counts/s and maximum values around 140 counts/s.

Ca count rates are rather constant in the upper 82.00 mbsf, with an aver-
age value of 2063 counts/s (Fig. 4.13). Between 82.00 and 86.20 mbsf Ca
values increase slightly, to jump abruptly to higher values below 86.20
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mbsf. Some small-scaled local maxima are observed in the upper 30 me-
tres around 8.00, 14.50, 25.40, 28.45 and 29.70 mbsf. At 35.03 and 54.05
two other maxima can be observed. Below 55.00 mbsf, Ca intensities de-
crease slightly to increase again between 72.00 and 82.00 mbsf.

Fig. 4.13 Geochemical properties (Fe, Ca, K, Ti and Mn (counts/s)) in function of
depth (mbsf) for Hole U1318B. Grey lines represent raw values. Black lines repre-
sent smoothed records (7-points running mean). Grey boxes correspond with spe-
cific minima and maxima. Red horizontal line corresponds with the mound base.
Black horizontal lines and numbers represent correlating lithological units.
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Interpretation

As in Hole U1316A, magnetic susceptibility and NGR are generally higher
than in the mound sediments. A higher amount of terrigenous material en-
riched with Fe-rich clay minerals is responsible for this observation. Sus-
ceptibilities are correlating well with the Fe intensities, whereby intervals
characterized by higher susceptibilities are correlating with intervals with
higher Fe intensities. However, between 55.80 and 82.00 mbsf, both pa-
rameters are not coherent anymore. Probably diagenetic processes driven
by the high amount of iron sulphides in this particular interval are respon-
sible for the discrepancy between both data sets. Density, P-wave velocity
and Ca intensities are anti-correlating in the uppermost intervals with the
magnetic susceptibilities and the Fe count rates.

The increase in susceptibility from 0 to 35.04 mbsf is correlating with
lithological unit 1A (Sect. 3.5.2), characterized by silty clays. The local
minima in Fe intensities and magnetic susceptibilities characterized by a
typical saw-tooth pattern at 14.50, 25.40 and 35.03 mbsf are explained as
small-scaled fining-upwards intercalations of medium to coarse sands with
an erosional base at these depths. These small intercalations can be inter-
preted as small turbidites. Also the two small jumps in Fe intensity at
28.45 and 29.70 have a typical saw-tooth pattern, representing the fining-
upwards trends with an erosional base which can be interpreted as small
turbidites.

From 35.04 mbsf on, the magnetic susceptibility records are character-
ized by frequent high-amplitude oscillations, resulting in a spiky appear-
ance of the records. The zone between 35.04 and 82.00 mbsf can be linked
with lithological units 1B and 1C (Sect. 3.5.2), characterized by silty clays
to fine sandy clays with cm- to mm-thick laminated horizons, consisting of
alternations of light and dark greenish grey clay with very fine sand layers,
explaining the small-scaled oscillations overprinting the background
trends. The minimum around 54.00 mbsf in the Fe count rates, correspond-
ing with a minimum in susceptibility and slightly elevated Ca count rates,
can be explained by the intercalation of a coarser interval. The minima
around 62.00 and 72.50 mbsf can also be explained by the intercalation of
sandier material. However, these minima are not corresponding with lower
susceptibilities which can be explained by the dilution of the magnetic sus-
ceptibilities by diagenetic processes as explained earlier. Iron sulphides or
bacterial biomineralization can play hereby an important role. Another ex-
planation can be the presence of coarser-grained magnetic minerals in this
interval, compared to the other intervals. Indeed, the highest susceptibili-
ties between 62.00 and 82.00 mbsf are correlating with lithological unit 1C
characterized by more silty and coarser material than the upper units. So,
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we should take into account that the general coarser material characteriz-
ing this interval has another source than the coarser sandy intercalations
corresponding with lower Fe intensities and probably coming from the up-
per shelves and deposited during mass wasting processes. Hence, differ-
ences in source material can also explain the discrepancy between the sus-
ceptibility and the Fe intensities in the lowermost records.

The lower susceptibility, the higher density and PWL, the lower Fe in-
tensities and the higher Ca intensities between 82.00 and 86.20 mbsf can
be correlated with lithological unit 2 (Sect. 3.5.2), characterized by fine
sands interbedded with silty clays. A lot of reworked and coarse material is
present in this interval, characterizing the physical and chemical records.
The base of the unit consists of a conglomerate, explaining the jump in
susceptibility and density just above the discontinuity at 86.20 mbsf, inter-
preted as the mound base and representing a major hiatus.

4.5 Discussion

4.5.1 Cyclic record: revealing glacial-interglacial variations?

It can be questioned if the cyclic records noted in the geophysical and geo-
chemical properties in the on-mound sediments are driven by glacial-
interglacial variations. As discussed before, the alternation between Fe-
rich and clay-rich terrigenous (siliciclastic) material and Ca-rich biogenic
material is responsible for the cyclicity in the records, suggesting that this
site is predominantly a two-component sedimentary environment.

The onset of mound growth, and hence the start of the formation of the
cyclic records, coincides with the onset of the northern hemisphere glaci-
ations (Sect. 5.5.2). Since then, the alternation between glacial and inter-
glacial periods dominates the northern hemisphere. A comparison of the
susceptibility records of Hole U1317E with the oxygen isotopic data, re-
veals a similar trend (Sect. 5.3.3), suggesting that intervals with a high
susceptibility ("darker" intervals) corresponds with high O (%o) records
evidencing of colder periods (Sect. 5.3.3). The more, Abe et al. (2006)
evidenced a higher amount of cool-water foraminiferal species in the
sediments characterized by a higher amount of siliciclastic and terrigenous
(darker) material. Spectral analyses on the susceptibility records revealed
spectral characteristics with a periodicity centred around 100 ka (see Sect.
5.3.3). After tuning the records with standard oxygen isotopic records, also
the typical obliquity orbital periodicity (41 ka periods) could be visualized,
characterizing the North Atlantic records since the onset of the northern
hemisphere glaciations at c. 2.75 Ma and prior to the Mid-Pleistocene
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Revolution (MPR) (Sect. 5.5.3). These observations point to a climatic gla-
cial-interglacial forcing of the cyclic records.

Similar cyclic alternations are noted in the Late Pliocene to Holocene
sediments at ODP Sites 980/981 (Feni Drift, Rockall Trough) (Jansen et al.
1996). The sediments at Sites 980/981 have an average calcium carbonate
content of ~54%, which is similar to the average calcium carbonate content
(~50%) calculated for the mound sediments. This suggests that the rather
high carbonate contents encountered on the mound are not exceptionally
when compared with similar sediments deposited during the same period.
Moreover, sediments at Sites 980/981 are predominantly composed of rap-
idly accumulated nannofossil oozes with variable amounts of clay, clayey
nannofossil mixed sediments and clays with variable amounts of nannofos-
sils and silts (Jansen et al. 1996). The main component of lithological vari-
ability occurs also at metre (at Site 980) and decimetre to metre (at Site
981) scales throughout the sediment sections in the form of distinct cyclic
changes in colour that are mainly related to relative changes in the propor-
tions of biogenic carbonate, detrital clay minerals and to a lesser extent de-
trital silt (Shipboard Scientific Party 1996). This suggests that indeed the
amount of clay minerals play an important role in diluting the cyclic re-
cords in these periods while nannofossil ooze is the main biogenic carbon-
ate fraction. The cyclic changes at Sites 980/981 are also attributed to dis-
tinctive glacial-interglacial changes, with distinctive higher sedimentation
rates during interglacials compared to glacial rates (Jansen et al. 1996).

So, it can be assumed that glacial intervals are characterized by a high
amount of Fe-rich and clay-rich terrigenous material, while during inter-
glacials the rise in biogenic carbonate production dilutes the amount of ter-
rigenous and siliciclastic material. As in the sediments observed at ODP
Sites 980/981, the carbonate-rich interglacial sediments in Challenger
Mound seem to dominate the record, compared to the Fe-rich terrigenous
sediments. This was explained at Sites 980/981 by higher sedimentation
rates during interglacial periods compared to glacial periods. Coccolitho-
forid blooms during interglacial periods may have been responsible for the
creation of Ca-rich background sediments. Nowadays, mixed diatom and
coccolithophorid blooms are commonly observed in the region during
early April (spring blooms) (White et al. 2005). It should be mentioned
that also the intervals characterized by a high amount of biogenic material
still have a distinct amount of siliciclastic material. Preliminary grain size
analyses show that "lighter" (Ca-rich and Fe-poor) intervals corresponding
with lower susceptibilities, are characterized by coarse silts to very fine
well sorted sands (terrigenous), while "darker" (Fe-rich and Ca-poor) in-
tervals are characterized by fine to medium silts with a unimodal distribu-
tion (Huvenne and Van Rooij 2006). Hence, we can assume that there are
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two terrigenous fractions. On the one hand, terrigenous clay minerals play
an important role in the dark, fine to medium silt-sized glacial intervals.
On the other hand more coarser-grained quartz is present in the light inter-
glacial intervals. The presence of coarser material in the interglacial inter-
vals can bear witness of the presence of stronger bottom currents during
the deposition of these units. A higher supply of terrigenous material dur-
ing glacial periods is a typical process observed along the European conti-
nental margins. Certainly for the last glacial periods, this process is exten-
sively studied (Sejrup et al. 2005). The creation of canyons and prograding
wedges along the margins during extensive glaciations give evidence of
the delivery of terrigenous material from the shelves towards the deeper
margins. It can be supposed that during interglacials bottom current action
was stronger, partly eroding the sediments deposited during glacial peri-
ods. Some authors suggest that cold-water coral growth was restricted to
these interglacial periods (Dorschel et al. 2005; Riggeberg et al. 2007).
However, until now no evidence can be found for such interglacial growth
episodes in the Challenger Mound record as the corals are present
throughout the whole mound in changing quantities going through the ob-
served cyclicity (Sect. 3.3.1). Only in the uppermost sediments (upper 4
metres), it has been observed that cold-water corals are restricted to inter-
glacial periods (Sect. 6.4.2). However, as mentioned before these patterns
should be interpreted with caution and further research is necessary as the
coral patterns are diluted by dissolution effects (Sect. 4.5.2). It can also be
supposed that corals were able to build up during interglacial periods to be
filled up by terrigenous sediments during glacial periods (Dorschel et al.
2005; Riggeberg et al. 2007).

The cycles in the mound record have a saw-tooth like pattern, character-
ized by a gradual decrease/increase in the Ca-rich intervals followed by an
abrupt transition from the bottom to the top towards the Fe-rich terrigenous
intervals. This suggests slow deglaciations and rapid glaciations, which is
an opposite trend than generally observed in sediments characterized by
glacial-interglacial variations (rapid deglaciations/slow glaciations). How-
ever, Maslin and Ridgwell (2005) and Lisiecki and Raymo (2007) have
shown that such saw-tooth like patterns are typical for the period after the
Mid-Pleistocene Revolution (MPR), while the cyclic patterns in our re-
cords are deposited before the MPR (Sect. 5.5.3). Lisiecki and Raymo
(2007) suggested that glacial-interglacial cycles before the MPR have a
more symmetric pattern. However, the impact of diagenesis on the records,
especially in the Ca-rich units, can not be neglected (see Sect. 4.5.2) and
can have an important influence on the shape of the cycles.
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4.5.2 Early diagenesis in the mound record

Diagenetic processes that occur prior to lithification and deep burial may
profoundly affect later patterns of diagenesis in carbonate systems. Eluci-
dating diagenetic processes in ancient systems is difficult due to overprint-
ing late-stage diagenetic alteration. However, the sediments of Challenger
Mound provide an excellent opportunity to study early diagenetic proc-
esses in a carbonate mound without the complications of burial and/or later
meteoric diagenesis.

The most prominent diagenetic feature is the dissolution of cold-water
coral fragments, having a major impact on the Sr records and diluting the
original coral quantity records. Carbonate dissolution is a process observed
in many carbonate systems from deep-water limestones (Tucker 1974;
Eder 1982; Moller and Kvingan 1988) over peri-platform carbonates de-
posited under a few hundreds to about 1000 m water depth (Mullins et al.
1985; Dix and Mullins 1988; Malone et al. 2001) to shallow-water carbon-
ate platforms and coral reef frameworks (Tribble 1993; Walter and Burton
1990; Walter et al. 1993; Patterson and Walter 1994). The process of
chemical dissolution of calcium carbonate in unlithified carbonate sedi-
ments is determined mainly by "the degree of undersaturation” or the
"saturation state" of the interstitial pore fluids (Tribble 1993; Ku et al.
1999; Sanders 2003). It has been proven that high-magnesium calcite and
aragonitic bioclasts dissolve more readily than calcitic bioclasts since ara-
gonite is more soluble than calcite (Walter and Burton 1990; Patterson and
Walter 1994). Despite the fact that there are still a lot of uncertainties with
respect to near-equilibrium carbonate reaction kinetics, the saturation state
of the pore waters, depending on pH, alkalinity and pCO,, can be described
as mainly affected by three elements: (1) the oxidation of organic matter
and the oxidation of reaction by-products that influence calcium carbonate
saturation state, by releasing/consuming chemical compounds that interact
with the carbonate system (Tribble 1993; Morse and Mackenzie 1990), (2)
the degree of openness of the system (Sanders 2003; Melim et al. 2002)
and (3) the degree to which FeS (or other minerals) act as a sink for dis-
solved sulphide produced during sulphate reduction (Tribble 1993; Perry
and Taylor 2006).

Oxidation of buried organic matter either by oxic respiration (Eg. 4.7) or
sulphate reduction (Eq. 4.8) can alter both the pH and alkalinity of the in-
terstitial waters and thus influence the diagenesis of carbonate minerals.
Organic matter decomposition by aerobic metabolisms (oxic respiration)
may generate small amounts of acidity and can be described by the follow-
ing reaction path:
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CH,O + 0, — H,0 + CO, <> H" + HCO3 (4.7)

However the upper centimetres of the sediment column are generally open
and interacting with the supersaturated seawaters above. So, reaction prod-
ucts from aerobic oxidation alone are unlikely to build up to significant
levels in order to cause aragonite dissolution in pore waters.

Sulphate reduction is another important anaerobic organic matter oxida-
tion process in carbonate sediments:

SO,” + 2CH,0 —> 2HCO® + H,S <> 2HCO* + H* + HS® (4.8)

At levels <3 mM of reduced SO, acid generation by this reaction can lead
to undersaturation of aragonite which, together with oxic respiration, can
result in extensive aragonite dissolution (Walter and Burton 1990; Tribble
1993). However, at levels exceeding 3 mM of reduced S0,%, the levels of
bicarbonate released from the reactions are enough to lead to supersatura-
tion of aragonite and precipitation of calcite (Walter and Burton 1990).
However, if oxygen is introduced into sulphidic anoxic sub-environments,
or if sulphide produced via sulphate reduction is transported in the oxic
sediment, such as can occur within bioturbated sediments, sulphide oxida-
tion can again generate significant acidity resulting in aragonite undersatu-
ration and hence dissolution (Eq. 4.9).

20, + H,S — SO,% + 2H" (4.9)

In general, it can be assumed that mineral saturation states decrease dur-
ing oxic respiration (from release of carbonic acid) and under presence of
moderate levels of sulphate reduction, and increase during extensive sul-
phate reduction (from increase in alkalinity).

Sanders (2003) proposed three different "layer” concepts to explain the
concepts of early syn-depositional dissolution of calcium carbonate related
to progressive oxidation of organic matter in neritic carbonate environ-
ments. The layer concepts differ from each other by the degree of me-
chanical and chemical "openness" of the system, suggesting that the open-
ness of the system plays an important role in the spectrum of reactions of
sulphate reduction (and associated reactions involving the reaction by-
products), which may in one case lead to precipitation, in another to disso-
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lution of calcium carbonate. Thus, sulphate reduction has a "double face"
in early diagenesis, in one case mediating precipitation, in another case
dissolution of calcium carbonate. Melim et al. (2002) proposed a similar
model for dissolution of aragonite and high-Mg calcite during shallow ma-
rine burial diagenesis of platform slope limestones. In their "open-system
style" model of diagenesis, carbonate is dissolved in high-permeability in-
tervals and, by inference, is recycled to the sea. In the "closed-system
style”, carbonate is dissolved in muddy, low-permeability intervals, but is
largely repricipitated as a microsparitic cement in the same interval.

Taking into account the above mentioned diagenetic models, a new
combined model can be proposed for the extensive dissolution observed in
the Ca-rich intervals of the Challenger Mound sediments. Pore water
analyses in the Challenger Mound sediments show that organoclastic sul-
phate reduction is mainly occurring in the upper 50 m. Sulphate reduction
coupled to anaerobic methane oxidation is occurring below the mound
base but will not be discussed here (Exp. 307 Scientists 2006d). pH is
highest at 1.4 mbsf, decreases to ~7.3 at 30-40 mbsf and remains constant
at ~7.3 mbsf to the bottom of the hole (Exp. 307 Scientists 2006d). Such a
profile results from the diffusion of seawater in the pore waters that are in-
fluenced by oxidation of organic carbon and buffered by carbonate phases.
In the topmost layer of the mound sediments, aerobic oxidation (Eq. 4.7)
lowers the pH which can result in undersaturation of aragonite. However,
due to the interaction with the saturated seawaters above, it can be sup-
posed that the pH lowering will not be that extensive to induce cold-water
coral dissolution. Below this upper layer, initial organoclastic sulphate re-
duction may also lead to undersaturation of aragonite, building up degrees
of undersaturation at which extensive aragonite dissolution can occur. The
more, diffusion of reaction byproducts from anaerobic sulphate reduction
(as hydrogen sulphides) towards the oxic layer, can lead to oxidation of the
reaction byproducts releasing even more hydrogen ions (Eg. 4.9), hence
promoting undersaturation of aragonite which, together with aerobic respi-
ration, is able to lead to extensive dissolution also in the upper layers. Ku
et al. (1999) showed that episodic reoxygenation is a major source of hy-
drogen ions for carbonate dissolution. Here, bioturbation can also play an
important role by driving many times the same amount of sediment
through a cycle of oxic to anoxic organic matter remineralization and oxi-
dation of reaction by-products, with many reactions resulting in, or pro-
moting undersaturation of aragonite.

Because alkalinity is increasing during extensive sulphate reduction, it is
expected that at a certain point the pore waters will become oversaturated
with respect to calcium carbonate. And as calcite has a lower solibility
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than aragonite, it is expected that low-Mg calcite with high Sr contents will
be deposited. However, compared to the high amounts of aragonite disso-
lution, just a minor amount of calcite cement is observed in the Challenger
Mound sediments. It can be questioned why cementation is limited to
some small horizons, and why the pore waters seem to stay undersaturated
with respect to calcium carbonate. The presence of a permeable system can
answer the question whereby through an upward flux of the interstitial
pore waters, supersaturated pore waters may be recycled to the water col-
umn before substantial carbonate reprecipitation takes place. A visualiza-
tion of the pore system in Sect. 3.4 has shown that the permeability in the
mound sediments is rather low but that an inverse relationship can be sug-
gested between porosity and permeability, suggesting that sediments with
a higher amount of bioclastic fragments, as observed in the lighter inter-
vals, and a lower amount of fine-grained matrix, have a lower porosity and
a higher permeability. The more, grain size analyses showed that the Ca-
rich intervals (with the typical dissolution patterns) are characterized by
coarse silts to fine sands, while the darker layers (without substantial dis-
solution) are characterized by fine to medium silts (Huvenne and Van
Rooij 2006). The presence of a coarser fraction can also enhance the per-
meability. A diffusive upward pore water flux or the pumping of fluids in
moderately permeable mound sediments is modelled by Depreiter et al.
(2005a). In this model a mounded feature on the seabed was subjected to
rather strong peak currents, developing zones of high pressure at the lower
slopes and low pressure areas at or near the summit. This pressure effect
can create a fluid migration from deeper layers to the top of the structure.
This model suggests that indeed an active fluid pumping system may be
active in the uppermost sediments of Challenger Mound, moving super-
saturated pore waters back upwards towards the sea-floor.

Some of the calcium carbonate might also be taken up by cementation
of finer-grained beds, but the intervals altered with this open-system style
of marine burial diagenesis are not associated with sufficient low-Mg cal-
citic cement to account for the amount of aragonite dissolved. Another
mechanism which can be responsible for early cementation has been ex-
plained by Noe et al. (2006). These authors propose seawater as a more
probable source of carbonate ions for cementation, whereby the driving
mechanism of the ion supply into the sediment is a diffusion process main-
tained by a saturation gradient between seawater and interstitial water.
Bottom currents are responsible for the diffusion that reinforces the trans-
fer of seawater carbonate ions into the sediments, possibly supporting a
pumping mechanism. However, circulating sea water to be the only source
for the carbonate cement is unlikely because of the huge volume of water
required to provide enough dissolved calcium carbonate for even small
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amounts of cementation. For a 1% reduction in porosity by cementation
from waters with 200% saturation, 4000 volumes of water must pass
through each bulk volume of rock (Enos and Sawatsky 1981). Neuweiler
et al. (1999) proposed a process of automicrite formation via organominer-
alization: carbonate is precipitated on non-living organic substrates such as
particulate organic matter by means of energy (ATP) deriving from bacte-
rial metabolism. Soluble humic substances which form the largest fraction
of dissolved organic carbon in seawater serve as organic substrates, while
fulvic acid-like compounds controls the nucleation of marine calcite
(Neuweiler et al. 2003). These mechanisms may apply to the observed
cryptocrystalline cements but should be investigated more in detail.

Another explanation for the presence of the small cemented horizons
can be the fact that an open diagenetic system can suddenly be sealed by
the fast deposition of a high amount of less permeable and finer material.
Such a burial event will bring the original material in a state of extensive
sulphate reduction, increasing the alkalinity and the degree of saturation
inducing the precipitation of calcite. However, saturation indices for ara-
gonite, calcite and dolomite derived from pore water data show that all
three phases remain undersaturated thoughout much of the mound (Russel
et al. 2007). This suggests that a second stage of slow cementation over
substantial burial depth is unlikely to happen in the mound sediments. It
appears that organic matter diagenesis and iron hydrolysis keep the whole
mound system undersaturated with respect to calcite. It should be men-
tioned that the presence of a high amount of coccolith ooze in the matrix
and the presence of clay minerals can also play a role in retarding cementa-
tion. However, more detailed research is necessary to explain these exten-
sive dissolution versus really slow cementation processes. In each case,
high dissolution rates and low cementation rates can play an important role
in increasing the reservoir qualities of these recent carbonate mound sys-
tems.

The presence of a substantial amount of reactive iron oxides, present in
a lot of terrigenous sediments, can alter the pore water chemistry effec-
tively in terms of carbonate saturation, by reacting with free sulphides to
form iron sulphides (Eq. 4.10).

3H,S + 2 FeOOH — FeS; + FeS + 4H,0 (4.10)

This reaction will buffer sulphide to low levels in pore waters (Raiswell
1997), thereby minimizing the potential for sulphide oxidation and acid
generation. So, the formation of FeS minerals appears to exert a strong ef-
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fect on the aragonite saturation state. Sedimentary environments rich in
iron would tend towards aragonite oversaturation relative to iron-poor sys-
tems. Systems having very low levels of respiration will remain oversatu-
rated with respect to aragonite. Iron-poor systems that experience an in-
termediate degree of net heterotrophy would tend to be corrosive to
aragonite. The impacts of terrigenous Fe-rich sediment input on syn-
depositional carbonate diagenesis is also evidenced by Perry and Taylor
(2006), examining the impact of bauxite on the dissolution of carbonate
grains in the nearshore fringing and bank-barrier reefs of Discovery Bay
(midway along the north coast of Jamaica). This process of differential
dissolution in Fe-rich sediments versus Fe-poor sediments can explain the
differential dissolution present in the Challenger Mound sediments, with
extensive dissolution observed in the Ca-rich (Fe-poor) intervals compared
to the good preservation of the cold-water coral fragments in the darker in-
tervals, which are much more Fe-rich as observed in the XRF records.

It can be concluded that even early marine diagenesis can overprint the
primary environmental signals. The observed early diagenetic effects af-
fect the geophysical and geochemical records of the mound sediments, es-
pecially the Ca and Sr count rates, the porosities, the P-wave velocities and
the densities. The highest degrees of diagenesis are occurring in the
"lighter" intervals. The "darker" intervals underwent a substantially lower
degree of diagenesis and seem to have kept their original environmental
signature. Such an effect of differential diagenesis shows that post-
depositional early alteration (diagenesis) has the potential to not only seri-
ously distort primary environmental signals, but also to mimic primary en-
vironmental signals. The role of early diagenesis in overprinting primary
environmental records has been studied extensively in the recent past to
explain limestone-marl alternations in ancient carbonate systems (Mun-
necke and Samtleben 1996; Westphal et al. 2004; Munnecke and Westphal
2004, 2005; Westphal 2006), but until now it was not yet proven to be pre-
sent in recent carbonate mound systems.

4.5.3 Depositional processes in the off-mound records

Comparing the geochemical and geophysical records from Hole U1316A
with the records from Hole U1318B, unveils some remarkable similarities.
Especially the Fe intensities and the magnetic susceptibilities from both
holes correlate well (Fig. 4.14).
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Fig. 4.14 Correlation between Hole U1316A and U1318B based on magnetic sus-
ceptibility (SI units) and Fe intensities (counts/s). Grey lines represent raw values.
Black lines represent smoothed records (7-points running mean). Grey boxes cor-
respond with specific minima and maxima. Red horizontal line corresponds with
the mound base. Black horizontal lines and numbers represent correlating
lithological units as described by the Exp. 307 Scientists (2006c, 2006e) and
summarized in Sect. 3.5.2.

The saw-tooth cycles in the magnetic susceptibilities and the Fe inten-
sies observed in the uppermost interval can be correlated from Hole
U1316A to Hole U1318B: the minimum in Fe intensity at 5.90 mbsf in
Hole U1316A can be correlated with the minimum in Fe intensity and
magnetic susceptibility at 14.50 mbsf in Hole U1318B. The same is true
for next depth couples for respectively Hole U1316A and Hole U1318B:
16.00 versus 25.40 mbsf, 20.00 versus 28.45-29.70 mbsf and 25.90 versus
35.03 mbsf. These changes in this uppermost interval can be linked with
lithological units 1A from both holes. Similar correlations can be made for
the intervals below respectively 25.90 and 44.40 mbsf in Hole U1316A
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and 35.03 and 82.00 mbsf in Hole U1318B. The minima in Fe intensities
are not longer explicitly characterized by a typical saw-tooth pattern, but
they can be linked between both holes: the minimum in Fe intensity
around 32.00 mbsf in Hole U1316A corresponds with a similar minimum
in Fe intensity around 54.05 mbsf, the minimum at 38.00 mbsf in Hole
U1316A with the minimum around 62.00 mbsf in Hole U1318B and a last
minimum couple in Fe intensity at Hole U1316A and Hole U1318B
around respectively 41.00 mbsf and 72.50 mbsf. Finally the coral-rich
units in Hole U1316A between 44.40 and 55.06 mbsf (~ lithological unit
2), could have been deposited during the same time interval as the re-
worked sediments between 82.00 and 86.20 in Hole U1318B (~ lithologi-
cal unit 2) (for discussion see Sect. 5.5.3). The proposed tiepoints between
Holes U1316A and U1318B can be discussed but more detailed magneto-
stratigraphic datings confirm the correlation presented on Fig. 4.14 (Sect.
5.5.3).

As explained earlier (Sect. 4.4), the observed minima in Fe intensity and
magnetic susceptibility correspond with more Ca-rich sediments, slightly
coarser and siltier than the surrounding clays and in the upper interval
characterized by a typical fining-upwards sequence. It can be supposed
that they represent small mass wasting processes like turbidites in the up-
permost interval. However, the coarser intercalation in the lowermost in-
terval can probably not be explained by simple mass wasting processes.
Previous studies on the uppermost sediments in the Porcupine Seabight
have evidenced the alternation between muddy contourites and sandy con-
tourites (Foubert et al. 2007; Van Rooij et al. 2007a, 2007b; see also Sects.
6.2 and 6.4.1). These authors suggested the onset of more vigorous bottom
currents during interglacials and interstadials, possibly triggered by the
sporadic reintroductions of Mediterranean Outflow Water (MOW) during
warmer periods in the North Atlantic Ocean (Schonfeld and Zahn 2000)
responsible for the deposition of sandy contourites. Finer, muddy contour-
ites were deposited during glacial, colder periods characterized by quieter
bottom current conditions, probably due to the absence of the erosive
MOW in the glacial North Atlantic (Schonfeld and Zahn 2000). A similar
alternation, with the deposition of muddy contourites during glacials and
the deposition of sandy contourites during interglacials, was evidenced by
Ovrebo et al. (2006) for sediments on the slopes west of the Porcupine
Bank. Hence, the lowermost coarser units can be described as sandy con-
tourites deposited during warmer periods by alongslope transport. The
finer silty intervals in between the coarser intervals, characterized by the
deposition of much more material and the intercalation of dropstones (see
Sect. 3.5.2), can be described as a muddy contourite facies deposited dur-
ing colder periods. As the sediments above the unconformity in Holes
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U1316A and U1318B are dated to be deposited after the Mid-Pleistocene
Revolution (MPR) (see Sect. 5.5.4) characterized by extensive and pro-
longed glaciations, the thick packets of muddy contouritic facies compared
to the smaller intervals of coarser sediments can bear witness of these pro-
longed glaciations. The presence of dropstones in the fine silty sediments
gives evidence of the glacial character of these sediments. They may have
been deposited during ice rafting events.

However, it should be remarked that examples of sandy contourites oc-
curring as deep-water massive sands are rare and in most cases they are in-
terpreted as sandy debris flows. Van Rooij et al. (2007b) suggest that the
interglacial sediments in the Belgica Mound Province are probably not the
result of mass wasting processes. However, as suggested before, a closer
observation of the upper coarser intervals learnt that they are in many
cases characterized by an erosional base and that they are associated with
turbiditic events. Probably a combined depositional mechanism should be
proposed, whereby during warmer periods, an enhanced current regime is
established by the input of MOW in the basin, triggering mass wasting
processes. Due to the steered northward flow of the MOW along the east-
ern margin, this can result, if this current regime is established for a longer
period, in the deposition of a sandy contourite. It is not sure if one or the
other mechanism is prevailing, but it can be assumed that in the upper
parts of cores U1316A and U1318B more erosional mass wasting proc-
esses and turbidic events are present as a result of shelf erosion during in-
terglacial or interstadial events In the lower part of the record, shelf ero-
sion seems to have been kept at a minimum, resulting in the deposition of
more contouritic deposits during interglacials. The required sediment sup-
ply zone of the contouritic deposits can be variable. In this case several
sources can be proposed, whereby the Gollum Channel system is probably
the most important supply zone of sediments in glacial times (Wheeler et
al. 2003). The sands deposited at the foot of the Gollum Channel system
could have been remobilized during interglacial times, resulting in the
deposition of coarser contourites.

The laminated horizons (centimetre to millimetre thick laminae, consist-
ing of light and dark greenish grey clay with very fine sand layers) ob-
served in subunits 1B at Hole U1316A and subunits 1B and 1C at Hole
U1318B and influencing extensively the geophysical records by the super-
position of small-scaled oscillations on the background trends, can be ex-
plained as sediment lofting from turbidity currents (Hesse and Khoda-
bakhsh 2006). Sediment lofting is a process that occurs in density currents
generated from fresh-water discharges into the sea. Settling of sediment
from the top or deposition from the bottom of the flows may lower the
density below that of ambient seawater, causing the currents to lift up from
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their substrate either in part or as a whole through buoyancy reversal
(Sparks et al. 1993). Such a process can result in the deposition of fine-
grained laminated sediments characterized by a bimodal grain size distri-
bution (Stow and Wetzel 1990; Hesse and Khodabakhsh 2006). Such a
process of sediment lofting might have occurred during the extensive gla-
cial episodes in the Porcupine Seabight.

Overall, it can be concluded that glacial deposits in the Porcupine
Seabight were the result of a combination of three processes: ice rafting
(vertical transport), subsequent sediment lofting (downslope transport) and
contouritic deposition (alongslope transport). Currents were weaker than
during interglacial periods but it appears that they were still strong enough
to enable alongslope contouritic deposition. During interglacials,
alongslope transport characterized by vigorous bottom currents probably
dominated, but the influence of downslope transport, culminating in tur-
biditic events, can not be neglected.
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Summary

The geochemical and geophysical properties in the mound sediments re-
vealed a cyclic record caused by the continuous alternation between ter-
rigenous Fe-rich and clay-rich (siliciclastic) material and biogenic Ca-rich
material, suggesting a predominantly two-component sedimentary envi-
ronment. The cyclicity is most probably driven by the typical glacial-
interglacial changes, characterizing the northern hemisphere during the
Quaternary. A correlation between the different holes on Challenger
Mound is proposed.

Early differential diagenesis overprints the primary environmental
signals, with extensive coral dissolution and the genesis of small-scaled
semi-lithified layers in the Ca-rich, "lighter" intervals. In particular, the
Ca and Sr count rates, the P-wave velocities and the densities are influ-
enced by the observed diagenetic patterns. The low cementation rates
compared to the extensive dissolution patterns can be explained by an
open-system diagenetic model.

The off-mound records are correlated based on their geophysical and
geochemical properties. The off-mound sediments can be interpreted as
drift sediments deposited mainly during extensive glaciations as silty
muddy contourites. Sediment lofting from density currents generated
from freshwater discharges (downslope transport) can explain the lami-
nated horizons in the glacial silty muddy contourites. Dropstones in the
glacial deposits bear witness of ice rafting events (vertical transport). Cur-
rents were weak during glacial periods but it appears that they were still
strong enough to enable alongslope contouritic deposition. During inter-
glacials coarser sandy contourites (alongslope transport) were deposited
by vigorous bottom currents steered along the continental margin. How-
ever, the impact of turbiditic currents during interglacial and interstadial
periods can not be neglected. Such turbidity currents could be initiated by
the onset of an intensive current regime whereby Mediterranean Outflow
Water (MOW) probably played an important role.
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The use of magnetism in the study of marine sediments started over a cen-
tury ago. In their "Report on the Scientific Results of the voyage of the
Challenger: Reports on Deep-Sea Deposits” (1891), John Murray and
Alphonse-Frangois Renard described already in detail the presence of
magnetic particles in deep-sea sediments. Opdyke (1972) found that sedi-
ments of various lithologies cored from most parts of the deep ocean floor
contain a record of the past behaviour of the earth's magnetic field, espe-
cially the sequence of reversals over at least the past 5 million years. Kent
(1973) indicated that detrital remanent magnetization and post-
depositional remanent magnetization are viable mechanisms of magnetiza-
tion of deep-sea sediments. Detrital magnetic particles can align them-
selves in the direction of an applied earth magnetic field while falling
through the water column, leading to a "detrital remanent magnetization".
However, the magnetization of most of the sediments is formed after the
particles are deposited by rotation of the magnetic grains in water-filled
interstices. This so-called "post-depositional remanent magnetization” is
locked into the sediment by consolidation due to either compaction or to
the growth of authigenic minerals (Kent 1973). Taking into account that
the past behaviour of the Earth's magnetic field is well-known for the Late
Cretaceous and Cenozoic periods from previous studies (Cande and Kent
1992, 1995), magnetic archives can be used for dating purposes in a disci-
pline called "magnetostratigraphy”.

Thompson et al. (1980) and Thompson and Oldfield (1986), laid the
base for a relatively new discipline of geophysics named "environmental
magnetism", whereby rock magnetic parameters are used to study marine,
limnic and fluvial sediments, soils and atmospheric dust deposits in terms
of source materials, transport mechanisms and diagenetic phenomena. The
way was paved for the use of rock magnetic studies to marine sediments.
Convincing correlations of oxygen isotope and calcium carbonate varia-
tions with the magnetic susceptibility signal were found by Kent (1982)
and Robinson (1986). They explained this phenomenon as a cyclic dilution
and enrichment of the magnetic mineral component by climatically driven
changes in carbonate accumulation. Bloemendal et al. (1988) used rock
magnetic parameter core logs as a direct proxy for oxygen isotope re-
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cords. Mead et al. (1986) applied spectral analyses to magnetic suscepti-
bility data sets to illustrate their relation to orbital driven periodicities.
Von Dobeneck and Schmieder (1999) used different rock magnetic proxy
records for orbital tuning and extended time series analyses into the super-
and sub-Milankovitch bands. DeMenocal (1988) found variations in bot-
tom current activity documented in rock magnetic properties of marine
sedimentary deposits. Bloemendal et al. (1992) related rock magnetic pa-
rameters to sediment sources, lithology and diagenetic processes. Maher
and Thompson (1999) wrote a comprehensive overview of the relation be-
tween Quaternary climates and environmental magnetism. Frederichs et
al. (1999) summarized different parameters, techniques and potentials of
rock magnetic studies as a key to palaeoclimatic and palaeoceanographic
changes.

Despite the fact that the record of magnetic mineral archives in deep-
sea sediments is growing, magnetic experiments on carbonate-rich sedi-
ments are scarce. However, Fuller et al. (2006) have shown that palaeo-
magnetic records from different carbonate-rich sediments, acquired dur-
ing ODP-legs in the southern ocean (Leg 182 to the Great Australian
Bight, Leg 189 around Tasmania, and Leg 194 off the Great Barrier Reef
on the Marion Plateau), can reveal the original magnetostratigraphy de-
spite the reported coring overprints. In this chapter, an overview will be
given of the relevance and the use of magnetic properties in the sediments
of a recent carbonate mound, in particular of Challenger Mound in the
Belgica Mound Province, SW of Ireland. Palaesomagnetic and rock mag-
netic measurements were partly carried out aboard the R/V JOIDES Reso-
lution during IODP Expedition Leg 307 (Exp. 307 Scientists 2006b, 2006c,
2006d, 2006d) and in the palaeomagnetic labs of the Geophysical Centre
of Dourbes (KMI, Belgium).

5.1 Methodology

5.1.1 Shipboard magnetic measurements

Shipboard analyses comprised measurements of the natural remanent
magnetization (NRM) before and after alternating-field (AF) demagnetiza-
tion and low-field magnetic susceptibility measurements (k).

Remanence measurements and AF demagnetizations were performed
using a long-core cryogenic magnetometer (2G Enterprises model 760-R),
permanently installed on the JOIDES Resolution. This instrument is
equipped with a direct-current superconducting quantum interference de-
vice (DC-SQUID) and has an inline AF demagnetizer capable of reaching
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peak fields up to 80 mT. The spatial resolution measured by the width at
half-height of the pickup coils response is <10 cm for all three axes, al-
though they sense a magnetization over a core length up to 30 cm. The
magnetic moment noise level of the cryogenic magnetometer is ~10~° emu
or 10 A/m for 10 cm?® rock volume. The practical noise level, however, is
affected by the magnetization of the core liner (~8 * 10° A/m) and the
background magnetization of the measurement tray (~1 * 10> A/m).

Measurements were conducted on whole-round sections from cores of
Holes U1317A, U1317B, U1317C and U1317E with a resolution of 5 cm.
A comparative test on whole-rounds and archive halves of cores from Site
U1316 in the off-mound sediments showed that measuring whole-round
sections does not adversely affect the measurements. On the contrary, for
core sections with very weak intensities (e.g. carbonate-rich sediments),
whole-round sections provide more precise information because the entire
mass of material (double of the volume compared to split sections) is
measured. The more, disturbance of the sediment surface resulting in ir-
regular and assymetric cross-sections (Roberts 2006) and possible remag-
netization caused by section splitting (Fuller et al. 1998) are eliminated.
AF demagnetization of NRM was conducted up to 20 mT in 5 mT steps on
Section 307-U1317A-1H-1, showing that a tentative characteristic rema-
nent magnetization component could be isolated around 15 mT. Based on
this demagnetization experiment (Fig. 5.1), cores from Holes U1317A,
U1317B and U1317C were demagnetized at 10 and 15 mT. Cores from
Hole U1317E were demagnetized at 2, 5, 7, 10, and 15 mT.

Measurements were undertaken using the standard 10DP magnetic co-
ordinate system (+x = vertical upward from the split surface of archive
halves, +y = left split surface when looking upcore, and +z = downcore)
(Fig. 5.2).

Full orientation was attempted using the Tensor orientation tool. The
Tensor tool is rigidly mounted onto a nonmagnetic sinker bar attached to
the top of the core barrel assembly. The Tensor tool consists of three mu-
tually perpendicular magnetic field fluxgate sensors and two perpendicular
gravity sensors. The information from both sets of sensors allows the azi-
muth and dip of the hole to be measured as well as the azimuth of the APC
core.

Magnetic susceptibilities (k) were measured using a Bartington Model
MS-2 meter, installed in a multi-sensor track (MST) (see Sect. 4.1.1), with
an 80 mm internal diameter sensor loop (88 mm coil diameter) operating at
a frequency of 565 Hz and an alternating-field of 80 A/m. Measurements
were carried out on whole-round sections from Holes U1317A, U1317B,
U1317C and U1317E with a sampling resolution set at 5 cm and a fre-
guency of 5 times per second. Such a long sampling period ensured ac-
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ceptable readings for the usually low magnetic susceptibilities of carbonate
sediments. Relative susceptibilities were measured, which need to be cor-
rected for volume variations. For a core diameter d and a coil diameter D
of respectively 66 and 88 mm, the corresponding correction factor d/D is
1.48 (Blum 1997). During data reduction, the relative susceptibilities were
converted to volume-normalized magnetic susceptibilities by multiplying
by 1/(1.48 * 10°), or by 0.68 * 10” SI units.

Fig. 5.2 IODP core orientation convention; +X = vertical upward from the split
surface of archive halves, +Y = left split surface when looking upcore, and +Z =
downcore.

Fig. 5.1 A Stepwise AF demagnetization (5, 10, 15, and 20 mT) of Section 307-
U1317A-1H1 at 0.40 mbsf. B Stepwise AF demagnetization (5, 10, 15, and 20
mT) of Section 307-U1317A-1H1 at 1.20 mbsf. C Stepwise AF demagnetization
(15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, and 100 mT) of Section 307-
U1317A-3H4 at 21.95 mbsf. D Stepwise AF demagnetization (20, 25, 30, 35, 40,
45, 50, 60, 70, 80, 90, and 100 mT) of Section 307-U1317A-1H1 at 0.82 mbsf.
Left panels represent orthogonal projections of endpoints of the magnetization
vector. Open circles = projection on vertical plane, solid circles = projection on
horizontal plane. Right panels represent equal area projection of the magnetization
vector during demagnetization.
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5.1.2 Shore based magnetic measurements

Discrete samples (7 cm®) were taken on the working halves of each core-
section in Hole U1317A (91 samples) to calibrate and evaluate shipboard
measurements.

Remanence measurements and AF demagnetizations were performed on
each of the cubes with a cryogenic magnetometer (2G Enterprises model
760-R) installed at the Geophysical Centre of Dourbes (KMI, Belgium)
and equipped with direct-current superconducting quantum interference
device (DC-SQUID) magnetic sensors. An inline AF demagnetizer has the
capability to reach peak fields up to 100 mT. The SQUID-sensors can de-
tect magnetizations up to 107> A/m. The more precise detection limit,
compared to the same instrument installed aboard the JOIDES Resolution,
can be explained by lower interference of magnetic and electrical noise.

Demagnetization experiments on selected samples, whereby the alter-
nating-field was driven up to 100 mT in steps of 5 mT (15 mT to 50 mT)
and 10 mT (50 mT to 100 mT), learnt that the characteristic remanent
component could be isolated around ~15-20 mT (Fig. 5.1). This is in co-
herence with shipboard experiments. Based on the demagnetization ex-
periments, all samples were demagnetized at respectively 15, 17.5 and 20
mT. AF-demagnetization below 15 mT did not make sense because the
samples were already demagnetized aboard the JOIDES Resolution up to
15 mT. Characteristic remanent magnetizations were calculated by the
standard three-dimensional least-squares fit to palaecomagnetic vector data
via principal component analysis (PCA) on respectively AF-
demagnetization steps 15 mT, 17.5 mT and 20 mT (Kirschvink 1980).
Visualization and analysis of the palaecomagnetic data were performed in
the windows-based "palaeomagnetic analysis programme", developed by
Zhang and Ogg (2003).

Low-field magnetic susceptibilities (k) and the anisotropy of magnetic
susceptibility (AMS) were measured with a KLY-3S Kappabridge on all
individual cubes with a sensitivity of 2 * 10® SI. The KLY-3S Kap-
pabridge is one of the most sensitive laboratory instruments available for
the measurement of bulk magnetic susceptibilities and its anisotropy. The
measurement of magnetic susceptibility is based on the change in induc-
tance by placing a sample in a solenoid. The magnetic field is produced by
a source solenoid (which is electrical charged). A coaxial solenoid detects
the induced magnetization. The nature of the material in the coil system
controls the inductance and causes a signal in the coaxial solenoid, in co-
herence with the total susceptibility of the sample. The Kappabridge con-
sist of a Pick-Up Unit with a coil system having an inner diameter of 43
mm and operating at a frequency of 875 Hz and a field of 300 A/m, a Con-
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trol Unit and a User's Computer. The instrument represents a fully auto-
matic inductivity bridge and is equipped with an automatic zeroing system,
automatic compensation of the thermal drift and an automatic switch of the
appropriate measuring range. The measuring coils are designed as 6"-order
compensated solenoids with remarkably high field homogeneity. When a
field is applied in the neighbourhood of a magnetic anisotropic sample, the
induced magnetization is not parallel with the applied field, resulting in
anisotropy of magnetic susceptibility (AMS). In practice, three series of 64
measurements of a spinning specimen in three perpendicular directions
were carried out, resulting in the determination of the minimal, intermedi-
ary and maximal susceptibility. Software SUSAR combines the measure-
ments in three perpendicular planes plus one bulk value to create a com-
plete susceptibility tensor. The errors in determination of this tensor are
estimated using multivariate statistics.

A thermomagnetization experiment was carried out on oven-dried pow-
ders of two discrete samples in core sections 307-U1317A-3H-2 and 307-
U1317A-3H-3. The susceptibility was measured in different steps (500 to
700 points), while heating the samples up to 650°C and subsequent cooling
down to 40°C. The susceptibility measurements were carried out in air
with the KLY-3S Kappabridge. Heating and cooling was controlled by a
CS-3 furnace apparatus. The samples, about 0.25 c¢cm® in volume, are
heated electrically by a platinum element and the temperature is measured
by a special platinum temperature sensor. The quasi-continuous measure-
ment process is fully automated.

5.2 Magnetostratigraphy

5.2.1 Magnetostratigraphic framework

The geomagnetic components at the drilling sites during the drill opera-
tions and according to the International Geomagnetic Reference Field 2005
(IGRF) are summarized in Table 5.1, showing that the present-day inclina-
tion value is about 66.30 degrees at Hole U1317A. The geocentric axial
dipole (GAD) inclinations are also summarized in table 6.1 (inclination =
tan™ [2 * tan (latitude)]), showing GAD inclinations of about 68.23 degrees
for Hole U1317A. Mean inclinations for the normal and reversed chrons at
Hole U1317A are respectively 71.79 degrees and -71.98 degrees, showing
a small offset of 3.50 degrees from the expected GAD inclinations. More-
over, it should be noted that most of the inclination records obtained by
shipboard measurements show a distinctive scattered pattern (Fig. 5.3).
Despite the appropriate cleaning methods, the effects of coring on the
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magnetization of recovered sediments are known from the earliest days of
palaeomagnetism of ocean sediments. This problem may be especially se-
vere in carbonate-rich sediments that have low magnetic intensities (Fuller
et al. 2006). The high scatter observed in the shipboard inclination data can
be explained by this magnetic overprint gathered during drilling, resulting
in an artificial magnetic inclination pointing downward, and by the bias
and background noise (due to the motion of the ship) in the cryogenic
magnetometer, which may influence the measurements. Another factor in-
fluencing the magnetic records is the presence and formation of authigenic
iron sulphide minerals and the high amount of paramagnetic and diamag-
netic minerals which do not have a permanent remanence compared to the
small preservation of ferrimagnetic components, carriers of the natural re-
manent magnetization (see Sect. 5.3.4). However, after smoothing the re-
cords by a 7-points running mean, they could be used for magnetostrati-
graphic dating.

Table 5.1 Present geomagnetic components according to the International Geo-
magnetic Reference Field 2005 (IGRF 2005) and calculated from the geocentric
axial dipole for drilling Sites U1317A, U1316A and U1318B.

Site Latitude Longitude IGRF 2005 IGRF 2005 IGRF 2005 GAD

D[] 1] FI[nT] 1]
1317A 5138  -11.72 -7.13 66.30 48438.00 68.23
1316A 51.38  -11.73 -7.14 66.31 48438.60  68.23
1318B 5144  -11.55 -7.07 66.36 48453.20  68.27

IGRF International Geomagnetic Reference Field, D declination, I inclination, FI
field intensity, GAD calculated geocentric axial dipole.

Combination of the characteristic magnetization directions measured on
whole-round sections with the magnetization directions obtained by the
standard least-squares method on discrete samples (Kirschvink 1980),
made it possible to reconstruct a magnetostratigraphic framework for Hole
U1317A. Magnetostratigraphic dating was possible by correlating the in-
clination records with the geomagnetic polarity timescale from oceano-
graphic data collected and processed by S.J. Crowhurst (Delphi Project
2002) and modified from Cande and Kent (1995) and Funnell (1996). The
magnetostratigraphic dates for the Réunion Subchronozone were modified
according to Channell et al. (2003). Comparing filtered (Gaussian filtering)
and smoothed (7-points running mean) susceptibility and inclination re-
cords on respectively Holes U1317A, U1317B, U1317C and U1317E,
made it possible to define correlating tiepoints between the different holes
(AnalySeries, Paillard et al. 1996) (see also Sect. 4.2.2) and to extrapolate
the magnetostratigraphic framework defined on Hole U1317A to Holes
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U1317B, U1317C and U1317E (Fig. 5.3, Table 5.2). Declination data
could only be corrected by Tensor tool measurements for Cores 307-
U1317A-3H through 7H, Cores 307-U1317B-3H through 12H, Cores 307-
U1317C-1H through 11H, and Cores 307-U1317E-3H through 15H but
appeared useless for magnetostratigraphic dating.

The inclination records above 16.50 mbsf in Hole U1317A show posi-
tive values clustered around 70.00 degrees. Similar inclination values are
observed in Holes U1317B, U1317C and U1317E above respectively
15.45, 19.40 and 18.20 mbsf (Fig. 5.3). These predominantly positive po-
larities belong to the Brunhes Chron (C1n), which has an age younger than
0.78 Ma. Below these uppermost sections inclination values have a ten-
dency to decrease to negative values, which indicates the transition to re-
versed polarities coinciding with the Matuyama Chron (Clr.1r). Sr-
isotopic datings on skeletal aragonite collected from Hole U1317E and
8*3C records pointed out the presence of an important hiatus of more than
0.50 Ma (1.00 — 1.67 Ma) at 23.50 mbsf (Kano et al. subm.), resulting in
the lack of an important part of the top of the Matuyama Chron, including
the Jaramillo and the Cobb Mountain Subchrons. This hiatus, correspond-
ing with an abrupt lithological change from carbonate-rich dominated
sediments to siliciclastic-dominated sediments, could be tracked from Hole
to Hole (21.00 mbsf for Hole U1317A, 25.00 mbsf for Hole U1317B and
27.00 mbsf for Hole 1317C). The observation and age determination of
this hiatus was important in the interpretation of the magnetostratigraphy
and the lack of this knowledge during Expedition 307, resulted in a differ-
ent preliminary interpretation of the magnetic shipboard data (Exp. 307
Scientists 2006d). In Holes U1317E and U1317C a small transition to-
wards positive inclination values just above the hiatus is observed, which
can be linked with the top of the Jaramillo Chron (C1r.1n). However, the
most important part of this normal polarity Chron is not present. The sedi-
ments below the hiatus are characterized by negative inclinations, corre-
sponding with the Matuyama Chron (C1r.2r). A small excursion towards
positive inclination values is observed at 24.05 mbsf in Hole 1317A, which
can be correlated with the Gilsa Event (0.68 Ma). Similar excursions are
observed in Holes U1317B, U1317C and U1317E at respectively 27.20,
30.00 and 27.50 mbsf. Pronounced normal polarities (positive inclinations)
characterize Hole U1317A between 36.65 and 63.95 mbsf, Hole U1317B
between 37.20 and 62.50 mbsf, Hole U1317C between 40.25 and 64.00
mbsf and Hole U1317E between 40.57 and 57.80 mbsf. These positive in-
clination values present the Olduvai Chron (1.77-1.95 Ma, C2n) and are
underlain again by reversed polarities of the Matuyama Chron (C2r.1r). A
second zone of positive inclinations is observed between 78.65 and 88.00
mbsf in Hole U1317A, between 80.50 and 95.50 mbsf in Hole U1317B,
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between 82.50 and 100.25 mbsf in Hole U1317C and between 79.25 and
99.25 mbsf in Hole U1317E and can be interpreted as the Réunion Sub-
chron (C2r.1n). The Réunion Subchron is extensively reviewed by Chan-
nell et al. (2003) at ODP Site 981 (Feni Drift, Rockall), showing that the
duration of the Réunion Subchron (38 ka) is almost four times that as-
sumed in current geomagnetic polarity timescales. At ODP Site 981, the
Réunion Subchron is recorded from the Marine Isotopic Stage (MIS) 81/82
boundary to MIS 79 as a single normal polarity zone spanning the 2.115-
2.153 Ma interval (Channell et al. 2003). Considering the proximity of
IODP Site U1317 to ODP Site 981, a similar time interval for the Réunion
Subchron can be extrapolated to the above described positive polarity Sub-
chrons in Holes U1317A, U1317B, U1317C and U1317E. Below the
Réunion Subchron negative inclinations from the reversed Matuyama
Chron (C2r.2r) are again dominating. However some positive excursions
can be noted. The positive excursions at 97.50 mbsf, 111.75 mbsf, 118.50
mbsf and 123.50 mbsf in Hole U1317A can be linked with magnetic
events dated at respectively 2.19 Ma, 2.33 Ma, 2.39 Ma and 2.44 Ma
(Crowhurst 2002) and are also recognized in Holes U1317B, U1317C and
U1317E (Fig 5.3). The inclination values in Holes U1317A, U1317B and
U1317C show no evidence of move towards positive inclination values
just above the mound base. Only in Hole U1317E a transition towards
positive inclination values from 151.5 mbsf on, coinciding with the transi-
tion towards the Gauss Chron (C2An.1n, 2.58 Ma) could be inferred. The
mound base is characterized by an angular unconformity as observed on
seismic profiles (De Mol et al. 2002; Van Rooij et al. 2003). It represents
an age gap of several millions years (Kano et al. subm.) and coincides with
a clear lithological change from consolidated Miocene sandy silts to Upper
Pliocene-Pleistocene unconsolidated sediments, characterized by cold-
water corals embedded in an alternating siliciclastic to calcareous-rich ma-
trix. The mound base could not be clearly recognized in the inclination re-
cords of the different holes.

Fig. 5.3 Left panel: Inclination records at peak fields of 15 mT (grey line repre-
sents raw inclination values; black line represents smoothed (7-points running
mean) records; dots represent the characteristic remanent magnetizations on dis-
crete samples calculated by the standard three-dimensional least-squares fit to pa-
laeomagnetic vector data via principal component analyses (PCA) (Kirschvink
1980)) and interpreted magnetostratigraphic framework in Holes U1317A,
U1317B, U1317C and U1317E. Red horizontal lines represent respectively the in-
terpreted hiatus and the mound base. Black horizontal lines represent the inter-
preted Chrons and Subcrons. Grey boxes represent possible magnetic events.
Right panel: Sr-isotopic datings on skeletal aragonite (Kano et al. subm.).
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Table 5.2 Magnetostratigraphic tiepoints defined from the inclination records for
Holes U1317A, U1317B, U1317C and U1317E.

Chrin/Subchron/Event [Ma] U1317A U1317B U1317C UI131l7E
[mbsf] [mbsf] [mbsf] [mbsf]

Brunhes/Matuyama (0.78) 17.00 15.45 19.40 18.20
Hiatus (1.00-1.67) 21.50 25.00 27.00 23.50
Gilsa Event (1.68) 24.05 27.20 30.00 27.50
Top Olduvai Chron (1.77) 36.65 37.20 40.25 40.75
Base Olduvai Chron (1.95) 63.95 62.50 64.00 57.80

Top Réunion Subchron (2.115) 78.65 80.50 82.50 79.25
Base Réunion Subchron (2.153) 88.00 95.50 100.25 99.25

Possible Event (2.19) 97.75 108.00 112.00 110.50
(95.70- (105.60- (110.25- (108.30-
99.25) 109.75) 114.40) 112.15)
Possible Event (2.33) 111.75 122.00 128.00 122.50
(110.20- (120.30- (126.35- (120.75-
113.10) 123.60) 129.75) 124.40)
Possible Event (2.39) 118.50 131.50 136 130
(117.25- (129.75- (134.00- (127.75-
119.75) 133.25) 137.75) 134.00)
Possible Event ‘X’ (2.44) 123.50 136.75 141.24 138.00
(122.40- (135.25- (139.75- (136.00-
124.50) 138.50) 142.75) 139.50)
Top Gauss (2.58) - - - 151.50

By comparing the absolute Sr-isotopic datings on cold-water coral
fragments in Hole U1317E (Kano et al. subm.) with the magnetostrati-
graphic frameworks, a good correlation could be observed, confirming the
magnetostratigraphy (Fig. 5.3). The correlation of biostratigraphic events,
based on planktonic foraminifera present in the sediments of Hole
U1317E, with the magnetostratigraphic frameworks is consistent. Plio-
pleistocene species are dominant through the mound succession, implying
that the upper 18.17 mbsf of Hole U1317E should be younger than 0.65
Ma based on the appearance of the species Globorotalia truncatrunoides,
and that the sediments between 21.17 and 59.98 mbsf have a biostrati-
graphic age between 0.65 and 2.09 Ma based on the appearance of the spe-
cies Globorotalia inflata (Abe 2006). There is some discrepancy with the
nannofossil datums which can be explained by the difficulties of biostrati-
graphic dating based on coccoliths due to the bad preservation and a high
amount of reworked material (Browning pers. com.). Nevertheless the up-
per section, corresponding with the Brunhes Chron, is consistent with the
nannofossil biostratigraphy.
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5.2.2 Palaeointensity

During the past 10 to 15 years significant developments were noted in the
possibility to obtain relative palaeointensity signals of the magnetic field
from deep-sea sediments. A few reviews about palaeointensity have been
published during the last years by Tauxe (1993), Jacobs (1998) and Valet
(2003). Recent analyses of many records distributed over the globe pro-
vided already a lot of information to develop independent time-scales
based on relative palaeo-intensities of the geomagnetic field (e.g. Valet
and Meynadier 1993; Guyodo and Valet 1999; Channell et al. 2002; Chan-
nell and Raymo 2003; Yamazaki and Oda 2005; Guyodo and Valet 2006;
Lund et al. 2006). However, the reliability of these data depends on differ-
ent factors, and important criteria have to be taken into account to obtain
reliable relative palaeointensity records (King et al. 1983; Tauxe 1993;
Constable et al. 1998; Valet 2003):

1. The natural remanence must be carried by stable magnetite, prefera-

bly in the grain size range of about 1-15 pm. The portion of the natu-
ral remanent vector used for palaeointensity determination should be
a single well-defined component of magnetization.
As described in Sect. 5.3.4, the magnetic measurements in Holes
U1317A, U1317B, U1317C and U1317E are influenced by the
presence of authigenic iron sulphides diluting the original magnetic
records. The more, the intensities in the mound body are extremely
low (10* to 10° A/m), typical for carbonate-rich sediments. The
weakest intensity values are within the range of the noise level of the
shipboard cryogenic magnetometer. However, we can assume there is
still a fraction of magnetite carrying the natural remanence. AF-
demagnetization showed that a characteristic remanent magnetization
could be isolated at 15 mT for most of the samples (Sects. 5.1.1 and
5.1.2).

2. The detrital remanence must be an excellent recorder of the geomag-
netic field (Tauxe 1993). Normal and reversed polarity data should
be antipodal.

Despite the scattered data, normal and reversed polarity data could be
identified.

3. Concentration of magnetic grains should not vary by more than about
an order of magnitude.

The magnetic susceptibility, mirroring the concentration of magnetic
grains, is characterized by rather low values varying between 0 and
40 *10” SI throughout the mound body (see Sect. 5.3.1). So, the
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magnetic susceptibilities vary by less than an order of magnitude
throughout the mound.

4. Normalization should be done by several methods, all yielding

consistent results. The selected normalizer should be the one that is
best correlated with the remanence.
The intensity of the remanent magnetization in sediments is normally
function of both alignment of magnetic grains by the geomagnetic
field and concentration of the magnetic particles (Valet 2003). It is
possible to extract the relative variations of the past magnetic field by
normalizing the intensity records with a magnetic parameter that
documents variations in magnetic concentrations. Only one possible
normalizer is measured in this study, i.e. magnetic susceptibility. So
no comparison between different methods is possible. However sus-
ceptibility measurements and intensity measurements show compara-
ble relative records, indicating that the susceptibility could be an ap-
propriate normalizer in this study. Normalization of the intensities
was carried out by dividing intensities by magnetic susceptibilities for
the shipboard data (Holes U1317A, U1317B, U1317C and U1317E).

5. The estimated relative palaeofield, obtained by normalizing the NRM

by some bulk parameter, can be renormalized by the mean of the
entire time series, such that the relative palaeointensity is unity.
To allow comparison of the normalized intensity records with relative
intensity records from other drilling sites around the world, the re-
cords were divided by their mean. So, only relative variations are
plotted.

The normalized relative palaeo-intensities (7-points running mean) for
Holes U1317A, U1317B, U1317C and U1317E are visualized in function
of depth (mbsf) on Fig. 5.4. A similar trend can be observed in the four
holes above the hiatus defined in section 6.2.1 (Fig. 5.4). The intensity
values in the uppermost sections are an order of magnitude higher than the
sections below. Comparison of the inclination records with the intensity
records shows that the intensity values decrease to lower values at the tran-
sition between the Brunhes Chron and the Matuyama Chron. Moreover,
clear peak values are recognized in Holes U1317A, U1317B, U1317C and
U1317E which can be correlated between the holes (Fig 5.4).

Fig. 5.4 Comparison of normalized palaeo-intensities above 40 mbsf in Holes
U1317A, U1317B, U1317C and U1317E with SINT-800 Stack (Guyodo and
Valet 1999) and normalized intensities of ODP Site 980 (Channell and Raymo
2003). Black horizontal lines represent correlation lines between the holes. Red
horizontal line represents Brunhes-Matuyama boundary.
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The normalized palaeointensity records from Site U1317 above the hia-
tus, can now be compared with well-defined palaeointensity proxies for
ODP Site 980 (Feni Drift, Rockall) (Channell and Raymo. 2003) and with
the Sint-800 global stack (Guyodo and Valet 1999). As the relative pa-
laeointensity records of Site U1317, lower mean palaeointensity values for
the Matuyama Chron, relative to the Brunhes Chron are recognized in the
records of Site 980 (Channell and Raymo 2003). Channell and Raymo
(2003) explain this effect by the presence of an uncleaned Brunhes-age
viscous remanence (VRM), which is not apparent in the orthogonal projec-
tions of the demagnetization data (Fig. 5.1). Remarkable is the similarity
between the relative palaeointensity values of the Brunhes Chron at Holes
U1317A (1.50-17.00 mbsf), U1317B (2.50-15.45 mbsf), U1317C (4.00-
19.40 mbsf), U1317E (0.90-23.50 mbsf) and the reference records, espe-
cially those of ODP Site 980 between 780 and 560 ka (Fig. 5.4). If the
mentioned correlation on Fig. 5.4 is true, an important part of the sedi-
ments belonging to the top of the Brunhes Chron is missing at Site U1317
or a lot of time is represented in a few metres of sediments indicating
really low sedimentation rates. As described in Chap. 2, Challenger Mound
is a dead mound with no active coral-growth anymore nowadays. It can be
assumed that the main growth phase stopped a long time ago and that just
a small amount of sediments were deposited during the last 560 ka. More-
over, detailed studies of a gravity core taken on the upper flanks of Chal-
lenger Mound learnt that the cold-water corals and sediments at the top of
this core belong to the Holocene (2100 years BP) but that a hiatus charac-
terizes the records around 4 m (Foubert et al. 2007; see also Chap. 6). So
we can assume that a second hiatus in the upper few metres is present in
the IODP Holes which is, due to the IODP drilling technique, not recov-
ered in as much detail as the previous studied gravity core (see Chap. 6).
This second hiatus in the uppermost sediments can explain why rather old
sediments are present close to the surface. Sr-isotopic datings on cold-
water coral fragments at 3.47 mbsf in Hole U1317E revealed ages of 571
ka (Kano et al. subm.), confirming the statements above. It should be men-
tioned that the uppermost sediments (upper 2-3 metres) are better recorded
in Holes U1317A, U1317B and U1317C than in Hole U1317E. This is also
observed in the geophysical and geochemical records whereby the upper-
most cycle is less preserved in Hole U1317E (see Chap. 4). So it can be as-
sumed that the sediments above the mentioned hiatus and the hiatus itself
are better preserved in the holes located more at the flank of the mound.

The extremely low values in the records below 17.00 mbsf in Hole
U1317A, 15.45 mbsf in Hole U1317B, 19.40 mbsf in Hole U1317C and
23.50 mbsf in Hole U1317E make the intensity values unreliable for de-
tailed interpretation and correlation.
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5.2.3 Sedimentation rates

Based on the magnetostratigraphic tiepoints (Table 5.2), sedimentation
rates can be calculated for the different Chrons observed in Holes
U1317A, U1317B, U1317C and U1317E. Fig. 5.5 reflects the sedimenta-
tion rates in the different holes. A similar pattern is observed in the four
holes. The lowest sedimentation rates are noted above the hiatus, with an
average of 4.70 cm/ka for the lower part of the Brunhes Chron (400 to 780
ka). The lower sedimentation rates in the uppermost sections can be ex-
plained by the fact that the mound is reaching a stage of retirement
whereby the mound is not growing anymore that fast as in earlier times.

Fig. 5.5 Visualization of the sedimentation rates (age (Ma) in function of depth
(mbsf)) of Holes U1317A (black line with diamonds), U1317B (black dashed line
with circles), U1317C red line with squares), and U1317E (red dashed line with
triangles).

The sedimentation rates below the hiatus can be separated in three
trends, whereby the highest sedimentation rates are observed during the
Réunion Subchronozone. Channell et al. (2003) observed a similar effect
at ODP Site 981 (Feni Drift, North Atlantic), whereby sedimentation rates
of 18 cm/ka where reached during this period resulting in an unusually de-
tailed record of this Subchron. The sedimentation rates for the Réunion
Subchron at Site 1317 are 24.60 cm/ka, 39.50 cm/ka, 46.70 cm/ka and
52.60 cm/ka for respectively Holes U1317A, U1317B, U1317C and
U1317E, with an average for the four holes of 40.90 cm/ka. This is nearly
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four times higher than recorded above and below this Subchronozone.
Remarkable is that the sedimentation rates are increasing towards the top
and centre of the mound. Thus, around 2.15 Ma, the mound was in an im-
portant growth phase with the highest growth rates centred at the top of the
mound, boosting a vertical growth process. The average sedimentation
rates above and below this zone are respectively 12.60 and 13.60 cm/ka.
Another remarkable observation is the increasing trend of the sedimenta-
tion rates going from Hole U1317E to Hole U1317A during the Olduvai
Chron: 9.47 cm/ka at Hole U1317E, 13.19 cm/ka at Hole U1317C, 14.06
cm/ka at Hole U1317B and 15.20 cm/ka at Hole U1317A. This suggest
that after the main growth phase of the mound, centred at the top of the
mound, the mound started to expand in horizontal direction with higher
growth rates at the flank of the mound compared to the top of the mound.

The generally high sedimentation rates in the mound body were respon-
sible for the detection of short-duration geomagnetic excursions, normally
not recorded in deep sea sediments, as described in Sect. 5.2.1.

5.3 Environmental magnetism

5.3.1 Magnetic susceptibility

The values of magnetic susceptibility are in general very low throughout
the mound body. The average values are ~6.00 * 10 SI units with peak
values up to ~40.00 = 10° Sl units. Similar trends are observed in the four
holes with distinctive peaks and cycles traceable from one hole to the other
hole. The typical cycles recognized in all the geophysical and geochemical
records, as discussed in Sect. 4.2.2, are clearly visible in the magnetic sus-
ceptibilities (Fig. 5.6). The relation between the susceptibility records and
the other geophysical (GRA density, P-wave velocity and NGR) and geo-
chemical (Ca, Fe, Sr, K and Ti) data sets are discussed in detail in Sects.
4.2 and 4.3. Only the most important relationships will be highlighted
again in this chapter.

Fig. 5.6 Magnetic susceptibility (10° SI units) in function of depth (mbsf) for
Holes U1317A, U1317B, U1317C, and U1317E and relative Ca and Fe intensities
(counts/s) in function of depth (mbsf) for Hole U1317E. Grey boxes represent the
cycles in the different holes as defined in Chap. 4. White circles represent meas-
urements of the magnetic susceptibility on discrete samples of Hole U1317A. Red
horizontal lines correspond with interpreted hiatus and the mound base.
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Bulk susceptibility measurements on discrete samples in Hole U1317A
revealed similar trends as measured on whole-round core sections on board
of the R/V JOIDES Resolution (Fig. 5.6). The average value of the mean
magnetic susceptibility of the discrete samples is ~4.71 = 10° SI, which is
a bit lower than noted for the shipboard measurements. Negative suscepti-
bility values (~ -1.00 * 10®° SI) are only present between 3.60 and 4.35
mbsf in Hole 1317E. No negative values are encountered in the other
holes.

Low mean magnetic susceptibilities indicate that paramagnetic minerals
probably are determining the magnetic susceptibility trends in the mound.
Many minerals are paramagnetic — particularly the non-ferromagnetic iron-
bearing silicates including the clays (olivines, amphiboles, pyroxenes, bio-
tite, chlorite, mica, etc...) — but they do not carry a magnetic remanence
(like ferromagnets) (Tarling and Hrouda 1993). The susceptibilities of
paramagnetic minerals are low, typically in the order of 10° to 10 SI
units, but are very uniform for different mineral species, varying only with
iron content. Comparing the magnetic susceptibilities throughout the
mound with the relative values of iron (Fe), measured with a XRF core
scanner (see also Sect. 4.3.2), reveals a positive correlation (Fig 5.6). XRD
analyses confirm the important presence of iron-bearing clay-minerals (il-
lite, chlorite and smectite) in the sediments of Challenger Mound (Léonide
2006; see also Sect. 3.3.2). If sediments contain paramagnetic constituents
and their susceptibility is less than 5.00 * 10 SI units, the paramagnetic
fraction controls the susceptibility of the sediments (Tarling and Hrouda
1993). So, we can assume that the paramagnetic fraction provides the main
control of the susceptibility records in Challenger Mound.

The negative susceptibilities in Hole U1317E can be explained by the
presence of a small amount of diamagnetic minerals. Diamagnetic miner-
als all have weak negative susceptibilities, ~-1.00 = 10° I, i.e. they ac-
quire a weak induced magnetization in a direction opposite to the applied
field (Tarling and Hrouda 1993). Such minerals, which include very com-
mon ones like quartz and calcite, only become important when ferromag-
netic minerals are completely absent (less than 0.0001 % of the total
amount of sediment) and paramagnetic minerals are virtually absent (less
than 1 % of the total amount of sediment). When ferromagnetic or para-
magnetic minerals are present in quantities that approach or exceed these
limits, the observed magnetic properties will be dominated by the ferro-
magnetic or paramagnetic components (Tarling and Hrouda 1993). The
significant presence of paramagnetic minerals in Challenger Mound ex-
plains the rareness of negative magnetic susceptibility values despite the
significant amount of the diamagnetic calcium carbonate (see Sect. 4.3)
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and some quartz (Léonide 2006; see also Sect. 3.3.2) in the mound sedi-
ments.
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Fig. 5.7 Heating and cooling curves (magnetic susceptibility (10 SI units) in
function of temperature (°C)) for samples at Section 307-1317A-2H-3 at 9.98
mbsf (A) and Section 307-1317A-3H-3 at 19.84 mbsf (C). Heating curves for
samples at Section 307-1317A-2H-3 at 9.98 mbsf (B) and Section 307-1317A-3H-
3 at 19.48 mbsf (D).

It has to be mentioned that the presence of a small remanent magnetiza-
tion measured in most of the samples (Sect. 5.2.1) in the mound sediments,
argues for the presence of a small amount of remanence carrying minerals
(ferromagnetic minerals). The ferrimagnetic mineral magnetite is mainly
responsible for the natural remanent magnetization in the sediments. The
presence of magnetite in the sediments of Challenger Mound is confirmed
by a detailed investigation of the thermal changes of magnetic susceptibil-
ity. Fig. 5.7 represents the thermomagnetic curves of a sample from Sec-
tion 307-1317A-3H-3 (Fig. 5.7A-B) and a sample from Section 307-
1317A-2H-3 (Fig. 5.7C-D). The heating curves for both samples have a
hyperbolic shape in the initial part with a decreasing trend (Fig. 5.7B-D),
indicating that the paramagnetic fraction controls indeed in a predominant
way the susceptibility of the specimens at room temperature (Hrouda
1994). A sharp decrease in susceptibility from ~535°C to 590°C is noted,
reaching minimum values up to 1.10 Sl units (307-1317A-3H-3) and 0 SI
units (307-1317A-2H3) at 600°C (Fig. 5.7). This temperature matches the
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Curie Temperature (T.) of magnetite, which has a value of 575 to 600°C.
Such observations confirm the presence of magnetite. The heating curves
contain a high elevation between 400 and 600°C (Fig 5.7). Shi et al. (2001)
suggested that the susceptibility peak around 500°C in heating cycles
might arise from the conversion of iron sulphides into magnetite. Traces of
oxygen may be absorbed around the pyrite powder, which may oxidize py-
rite (FeS,) into magnetite (Fes04) from the temperature of ~380°C on-
wards. More magnetite is produced with increasing temperature. The sus-
ceptibility enhancement, arising from newly formed magnetite, descends
when the temperature is above 520°C. Li and Zhang (2005) proved that at
higher temperatures the newly formed magnetite can combine with pyrite
and/or sulphur atoms released from pyrite lattice to form pyrrhotite. Pyrite
can also transform directly to pyrrhotite by desulphidation. The formation
of pyrrhotite at high temperatures is expressed in the cooling curves, which
have values almost an order of magnitude higher than the heating curves
and a distinctive peak around 280°C, corresponding with the T, of pyr-
rhotite.

The above mentioned observations suggest the presence of pyrite in the
sediment samples before heating. XRD analyses and SEM observations
give evidence of the presence of framboidal and monoclinic pyrite in the
mound sediments (Léonide 2006). Pyrite can be formed by dissolution of
magnetite during sulphate reduction according to the following reaction
paths (Egs. 5.1 and 5.2) (Florindo et al. 2003):

S0,% + 2CH,0 <> 2HCO* + H,S (5.1)

3H,S + 2FeOOH «> FeS; + FeS + 4H,0 (5.2)

Organoclastic sulphate reduction takes place throughout the whole mound
body, whereby dissolved sulphate in the pore waters is present in quanti-
ties of 27.30 mM at 1.40 mbsf to decrease to below its analytical detection
limit near ~170.00 to 180.00 mbsf (Exp. 307 Scientists, 2006). Bacterially
mediated sulphate reduction can play a role in particular zones in the
mound body (Exp. 307 Scientists 2006d). The diagenetic formation of
paramagnetic pyrite (by dissolution of magnetite) is responsible for the
small amount of original ferrimagnetic magnetite and dilutes the original
magnetic signals, which explains the highly scattered records of the direc-
tions of the remanent magnetizations (Sect. 5.2.1).
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The alternating domination of diamagnetic versus paramagnetic and
ferrimagnetic components is responsible for the cyclic trend observed in
the susceptibility records, whereby higher values correspond with a higher
percentage of paramagnetic (mainly iron-rich) clay minerals (i.e. illite,
chlorite and pyrite) and a small amount of the ferrimagnetic magnetite,
while lower susceptibility values relate to a higher content of diamagnetic
components (mainly biogenic carbonate and small amounts of quartz).
The total magnetic susceptibility can be described as a function of these
components (Eq. 5.3):

Total MS = %ferrimagnetic components (magnetite) + %paramag-
netic components (clayminerals illite and chlorite + diagenetic py-  (5.3)
rite) + %diamagnetic components (biogenic CaCOs+ quartz)

Thus, at Challenger Mound the interplay between terrigenous sedimenta-
tion (with the supply of paramagnetic Fe-rich clay minerals (mainly illite
and chlorite), diamagnetic quartz and ferrimagnetic magnetite), biogenic
sedimentation (diamagnetic calcium carbonate) and diagenesis (dissolution
of ferrimagnetic magnetite and formation of paramagnetic pyrite) control
the susceptibility records whereby at some periods terrigenous sedimenta-
tion was dominating, while in other periods biogenic sedimentation took
over, diluting the terrigenous sediments and lowering the susceptibility
values.

The susceptibility values of Hole U1317E can now be compared with
the relative variations of the Ca-content, measured with a XRF cortex core
scanner (Fig. 5.6; Sect. 4.3). This comparison indicates an inverse relation-
ship between both parameters, whereby lower susceptibilities correspond
with higher reflectance values and thus a higher carbonate-content. So, the
inverse relationship confirms the observation that diamagnetic minerals,
mainly biogenic carbonate, dilute the mainly paramagnetic and ferrimag-
netic terrigenous fractions in well-distinct intervals and lower the suscepti-

bility.

5.3.2 Anisotropy in magnetic susceptibility

In most samples the strength of magnetization induced by a weak field of
constant strength depends on the orientation of the sample within the field
(Tarling and Hrouda 1993). Such sediments are magnetically anisotropic.
The variation of susceptibility with orientation can be described mathe-
matically in terms of a second-rank tensor and can be visualized in three-
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dimensional space as a susceptibility ellipsoid with three orthogonal axes,
corresponding to the maximum (K,), intermediate (K;) and minimum (K3)
principal susceptibilities. This ellipsoid represents the combined results of
the susceptibility anisotropy produced by the shape of the magnetic grains
(shape anisotropy) and/or the crystallography in a sample (crystalline ani-
sotropy), as well as by the net alignment of the magnetic grains within the
sample (Tarling and Hrouda 1993). The crystallographic control arises
from the action of lattice forces on the electron-spin configurations
whereby, for any given crystal, the electron spins align more easily along
specific directions i.e. the magnetization acquired in an applied field is
strongest in these directions.

The magnitude of the anisotropy is presented by the corrected anisot-
ropy degree P' (Eq. 5.4) (Jelinek 1981):

P' = expV{2[(N1 = Nm)? + (N2 = Mm)* + (3 — )1} (5.4)

where n; = InKy, 2 = InKy, nz = InK3 and n, = (1 + m2 + nz)/3. Higher
values of P' represent stronger degrees of magnetic anisotropy. The shape
of the anisotropy can be expressed in several ways — mainly in terms of ra-
tios of, or differences between, the axial values such as the normalized
lineation L (Eq. 5.5) and foliation F (Eqg. 5.6) (Khan 1962):

L = (K]_ - Kz)/Kmean (5.5)

F= (K2 - K3)/ Kmean (56)

Other parameters have been published that combine lineation and foliation,
like the shape parameter T (Eq. 5.7) (Jelinek 1981):

T=[2M2-m3) ) (n1—-m3)] -1 (5.7)

Oblate (disk) shapes correspond to 0 < T < -1, while negative values, -1 <
T < 0 correspond to prolate (rod) shapes.

The results of the measurements of the anisotropy in magnetic suscepti-
bility are shown on Figs. 5.8 and 5.9. Fig. 5.8A represents a stereographic
projection of the K; (maximum) and Ks (minimum) axes of the AMS. The
minimum axes of anisotropy are well-grouped perpendicular to the stratifi-
cation plane, whereas the maximum axes of anisotropy are distributed
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mainly in the stratification plane (horizontal plane). At first sight the
maximum axes seem to be randomly distributed in the stratification plane.
However taking into account only the declinations of the maximum axes
corrected by the Tensor Tool measurements (to obtain a true declination)
and with an inclination <25°C, a S-N to SW-NE-trend can be inferred
from the stereographic plot (Fig. 5.8A).

Fig. 5.8 A Stereographic projection of the K; (maximum) (black squares) and Kj
(minimum) (white circles) axes of the anisotropy of magnetic susceptibility
(AMS). B Shape parameter T versus the corrected degree of anisotropy P'.

In the P'-T-graph, the fabric appears to be mainly oblate (T >0) (Fig.
5.8B). The degree of anisotropy P' varies between 1.006 and 1.056, coin-
ciding with values typical for drift sediments as demonstrated by Joseph et
al. (1998). Joseph et al. (1998) identified a relationship between the me-
dian grain size and intensity of anisotropy (P') with current speed (whereby
both the median grain size and P' increase as the current speed increases)
and applied this relationship to distinguish different depositional environ-
ments. The Blake Outer Ridge drift sediments are characterized by a mag-
netic fabric P' ranging from 1.01 to 1.05 and ellipsoid shapes that are pri-
mary oblate. These values correspond with the anisotropy in the
Challenger Mound sediments. So, analysis of magnetic fabric permits dif-
ferentiation between deposits resulting from random grain settling (pelagic
and hemipelagic) and those resulting from ensuing transport along the sea-
floor (drifts and turbidites) (Rea and Hovan 1995; Boven and Rea 1998;
Joseph et al. 1998).
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Fig. 5.9 The degree of anisotropy P', shape parameters T, L (lineation) and F (fo-
liation) and mean susceptibility in function of depth (mbsf). Grey boxes represent
correlations between the different parameters (peaks in degree of anisotropy can
be correlated with peaks in the magnetic susceptibility).

The degree of anisotropy P' and shape parameters T, L and F are, jointly
with a plot of the mean susceptibility, visualized in function of depth on
Fig. 5.9. The degree in anisotropy P' and the foliation F follow the small-
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scaled cycles observed in the magnetic susceptibility (Fig. 5.9). Peaks in
degree of anisotropy can be correlated with peaks in the magnetic suscep-
tibility. The few encountered negative values of the shape parameter T, can
be correlated with lows in magnetic susceptibilities.

As the paramagnetic fractions dominates the susceptibility in the sedi-
ments of Challenger Mound (Sect. 5.3.1), the anisotropy in magnetic sus-
ceptibility may be also carried mainly by these fractions (Tarling and
Hrouda 1993). As established in previous section, Fe-rich clay minerals
may play hereby an important role, so the anisotropy in magnetic suscepti-
bility (AMS) might provide information about the fabric of the magnetic
clay minerals. This latter is linked to the crystal lattice and is mainly oblate
with the minimum axes perpendicular to the cleavage plain (Ballet et al.
1985; Borradaile and Werner 1994). So, flat-shaped clay minerals tend to
orient perpendicular to the main stress axis, that is, the vertical axis during
compaction, whereas rounded sand grains do not have a preferred direction
to align with. So, it appears likely that the degree of AMS is mainly a func-
tion of the matrix grain size and shape properties whereby intervals charac-
terized with a higher content of paramagnetic clay minerals tends to have a
higher degree of anisotropy.

Kissel et al. (1998) presented an attempt to relate the magnetic fabric of
sediments to changes in bottom currents in the North Atlantic Ocean.
However, due to the highly variable magnetic mineral content in the Chal-
lenger Mound sediments, this assumption is not straightforward and we
have refrained from interpreting the AMS in terms of bottom current inten-
sity. However, there has been another approach to investigate palaeocur-
rent behaviour. The anisotropy of magnetic susceptibility has been used to
infer current directions. Because current force the alignment of sediment
particles that result in the anisotropy of magnetic susceptibility (Rees and
Woodall 1975; Taira and Lienert 1979), the direction of the long axes of
the anisotropy ellipsoid can be used as an indicator of deep-current direc-
tion (Ledbetter and Ellwood 1980; Shor et al. 1984). So, the N-S to SW-
NE direction of the maximum axes of the anisotropy ellipsoid postulate a
N-S to SW-NE bottom current at the top of Challenger Mound (Fig. 5.8A).
A general northwards bottom current is observed at the eastern flanks of
the Porcupine Seabight (White 2001, 2007). Dorschel et al. (subm.) dem-
onstrated that also on top of the mounds a general northward current is
noted with some deflections at the flanks and a superimposed tidal signal
(see Chap. 2). So the observed bottom current in the Porcupine Seabight
coincides with current directions inferred from the AMS.
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5.3.3 Time series analysis

As discussed in Sect. 5.3.1, the magnetic susceptibility records delineate
important variations in sediment lithology. Using the magnetostratigraphic
age model established in Sect. 5.2.1, it can be verified to what extent the
susceptibility records mirror climatic and oceanographic changes of differ-
ent duration, driven by orbital forcing. It has been demonstrated in many
records of the Atlantic Ocean that Milankovitch cyclicity (1941) resulting
from orbital forcing of terrigenous and biogenic sedimentation (or carbon-
ate dissolution in deep-sea records) prevails (Robinson 1986; von Do-
beneck and Schmieder 1998; Channell et al. 2002).

Spectral analysis of the susceptibility records has been carried out with
the programme AnalySeries (Paillard et al. 1996) using the widely applied
Blackman-Tukey (BT) Method with a Welch-window (Blackman and
Tukey 1958). It is based on the standard Fourier transform of a truncated
and tapered (to suppress spectral leakage) autocovariance function. The
Blackman-Tukey Method requires evenly spaced time series, so linear in-
terpolation of the records was necessary before BT spectral analyses.

Magnetostratigraphic dating provided reliable tiepoints below the hiatus
in Holes U1317A, U1317B, U1317C and U1317E. By attributing these
ages to the respective magnetic susceptibility logs and by linear interpola-
tion between the tiepoints, some spectral characteristics of Milankovitch
cyclicity became apparent in the records between the mound base (~2.5 to
2.7 Ma) and the hiatus (~1.67 Ma) suggesting climatic forcing (Fig 5.10A-
B). Spectral analyses revealed Milankovitch cycles with a periodicity
around 100 ka (eccentricity), suggesting that the age model based on the
magnetostratigraphic tiepoints is probably not detailed enough to visualize
the typical obliquity orbital periodicity resulting in glacial-interglacial cy-
cles with a mean period of 41 ka (Imbrie et al. 1992), characterizing the
North Atlantic records since the onset of the northern hemisphere glaci-
ations at ¢. 2.75 Ma and prior to the Mid-Pleistocene Revolution (MPR).
However, the output of a Gaussian filter centred at 0.05 ka (20 ka period)
with a 0.02 ka bandpass applied to the susceptibility record can be com-
pared with the orbital solution for obliquity and precession from Berger
and Loutre (1991) (Fig. 5.11). Although the peak-to peak match is imper-
fect, the modulation of orbital precession is well matched by modulation of
the filtered susceptibility record. We consider that at least some of the
peak-to-peak mismatch is due to noise in the susceptibility record pro-
duced by stochastic influences. For this reason, and because of unknown
lag between precessional forcing and response, the classic spectral analy-
ses should be interpreted with caution. Nonetheless, the match of the fil-
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tered susceptibility records to the astronomical solution for precession and
obliquity strengthens the age model.

Fig. 5.10 Estimated spectra of the susceptibility signals (linear interpolated be-
tween the magnetostratigraphic tiepoints) on logarithmic scales for Holes U1317B
(A) and U1317E (B). Estimated spectra of the tuned susceptibility signals (tuned
with the oxygen isotope TARGET curve (Shackleton et al. 1990, 1995a, 1995b;
http://delphi.esc.cam.ac.uk/coredata)) on logarithmic scales for Holes U1317B (C)
and U1317E (D).

To check whether the age model of the magnetic susceptibility records,
based on the magnetostratigraphic tiepoints, could be refined, the magnetic
susceptibilities were compared with oxygen isotopic records. At Site
U1317E, oxygen isotope measurements were made on benthic foraminif-
era, using specimens of Cibicoides wuellerstorfi and C. kullenbergi se-
lected from the >150 pum size fractions (Abe 2006). A comparison of the
susceptibility records of Hole U1317E with the oxygen isotopic data re-
veals a similar trend (Fig. 5.12A). Both records can now be compared with
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the chronology of Shackleton et al. (1990, 1995a, 1995b) as defined by his
reference benthic oxygen isotopic TARGET curve. The values of the ben-
thic oxygen isotope record at Site U1317E are lower than the reference
curve. It has to be mentioned that the resolution of the measured isotopic
record is quite low, making it difficult to align the isotopic data with the
TARGET curve. However, the resolution of the susceptibility records at
Site U1317E is higher than the isotopic records, making it possible to cor-
relate the susceptibility records with the standard reference curve (Fig.
5.12B). The close resemblance of the susceptibility record with the benthic
O™ record indicates a linkage between global ice volume and the abun-
dances of minerals that produces the susceptibility records in these sedi-
ments. The proposed age model for the magnetic susceptibility records can
now be re-tuned by matching the susceptibility records to the standard
80" curve for all the holes at Site U1317.

Fig. 5.11 Gaussian filter centreed at 0.05 ka (20 ka period) with a 0.02 ka band-
pass applied to the susceptibility record (solid black line) compared with the or-
bital solution for obliquity and precession from Berger and Loutre (dashed grey
line) (1991) for Holes U1317B (A) and U1317E (B).
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Spectral analyses on the retuned susceptibility records reveals distinc-
tive peaks around frequencies of 10 and 24.4 1/Ma and a small peak
around 43 1/Ma, corresponding with Milankovitch cycles with a periodic-
ity around respectively 100 ka (eccentricity), 41 ka (obliquity) and 23 ka
(precession) (Fig. 5.10C-D). So, tuning the lithological characteristics, re-
vealed in the magnetic susceptibility, to reference curves yield a higher
precision and consistency in dating the mound sediments.

Fig. 5.12 A Comparison of the magnetic susceptibility (black line) with benthic
80 data (grey line) in function of depth (mbsf) for Hole U1317E. B Comparison
of magnetic susceptibility (black line) placed on the age model as defined from
linear interpolation between the magnetostratigraphic tiepoints with the standard
benthic 50* TARGET curve (grey line) (Shackleton et al. 1990; 1995 a, 1995b).

By combining the retuned age models of the susceptibility records of
Holes U1317A, U1317B, U1317C and U1317E, a susceptibility stack for
the mound sediments at Site U1317 can be established (SUSMOUND)
(Fig. 5.13). Because of the slightly different amplitude ranges, the
SUSMOUND stack is determined as an arithmetic mean of the individual
normalized and interpolated (6t = 2 ka) records from Holes U1317A,
U1317B, U1317C and U1317E. The normalization has been carried out by
subtraction of the core mean and division by the standard deviation.



172 5 Magnetic record of a carbonate mound

SUSMOUN

bl

16 1.8 2 .
Age (Ma)

Fig. 5.13 A Magnetic susceptibility records for Holes U1317A (green line),
U1317B (bleu line), U1317C (red line), and U1317E (black line) placed on an age
model defined by tuning the susceptibility records with the standard benthic 0
TARGET curve (Shackleton et al. 1990, 1995a, b). B SUSMOUND stack deter-
mined as an arithmetic mean of the individual normalized (subtraction of core
mean and division by standard deviation), interpolated (5t = 2 ka) susceptibility
records from Holes U1317A, U1317B, U1317C, and U1317E.
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5.4 Magnetostratigraphy in the off-mound regions

5.4.1 Site U1316

Shipboard palaeomagnetic measurements have been carried out on cores
from Holes U1316A, U1316B and U1316C. Alternating-field demagneti-
zation of the natural remanent magnetization was driven up to 20 mT in 5
mT steps on Section 307-U1316A-1H-1. Based on this demagnetization
experiment (Fig. 5.14A-B), the other sections from Site U1316 were de-
magnetized at 15 and 20 mT. For Holes U1316A and U1316C, NRM and
magnetizations after two-step demagnetization were measured on archive
halves, whereas for Hole U1316B, whole-round sections were measured.
Discrete samples were taken from the working halves of Hole U1316A.
Subsequent shore-based measurements were carried out on the discrete
samples at the Geophysical Centre of Dourbes. Shore-based measurements
showed that in the upper parts of Hole U1316A a characteristic remanent
magnetization could indeed be isolated at AF demagnetizations around 15
mT (Fig. 5.14C). However, for discrete samples from the lowermost sec-
tions no stable magnetization could be obtained by AF-demagnetization
(Fig. 5.14D). Hence, the lowermost sections should be interpreted care-
fully.

Inclination data cluster around ~66.00° in the uppermost part and be-
come more scattered at ~44.40 mbsf in Hole U1316A and ~45.20 mbsf in
Hole U1316B (Fig. 5.15). The upper values are approaching the reference
inclination at the study area, which is 66.31° according to the IGRF 2005
(Table 5.1), and can be interpreted as normal polarities belonging to the
Brunhes Chron (<0.78 Ma). The more scattered records between 44.40 and
55.06 mbsf in Hole U1316A and 45.20 and 58.30 mbsf in Hole U1316B
can be explained by the presence of cold-water coral fragments in this unit.
Due to the unreliability of the lowermost sections, correlation to the geo-
magnetic polarity time scale was not possible below 55.06 and 58.30 mbsf
in Holes U1316A and U1316B.

The magnetic intensities in Holes U1316A and U1316B reached values
between 15 mA/m and 45 mA/m (20 mT intensity) in the uppermost part
of the holes and slightly increased to depths of 44.40 mbsf in Hole 1316A
and 45.20 mbsf in Hole 1316B (Fig. 5.16). Below these depths, intensities
decreased in two steps to fall below 55.06 mbsf in Hole U1316A and 58.30
mbsf in Hole U1316B within the range of the noise level. The intensities
follow the same trend as the magnetic susceptibilities (Sect. 5.3), suggest-
ing that the concentration of magnetic minerals, magnetic mineralogy and
size of magnetic minerals have a strong impact on the intensities. The im-
pact of the geomagnetic intensity is secondary. However, the effect of the
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magnetic mineral concentration and composition on the intensity could be
normalized by dividing the intensities by the magnetic susceptibilities. The
normalized intensities above 55.06 mbsf for Hole 1316A are presented on
Fig. 5.16 and can now be compared with the standard palaeointensity
curve SINT-800 (Guyodo and Valet 1999) and with the palaeointensity
proxies for ODP Site 980 (Channell and Raymo 2003). The normalized pa-
laeo-intensities for this upper unit, correspond well with the reference
global SINT-800 palaeointensity stack and the intensities for ODP Site
980. This correlation suggests that the unit between 0 and 45.20 mbsf has
an age between 0 and 475 ka (Fig. 5.16). The uppermost metres have to be
interpreted carefully as detailed dating studies in a gravity core taken at the
same place as IODP Site U1316, suggest the presence of a possible hiatus,
with sediments having ages older than 45 ka below the hiatus and sedi-
ments having ages around 35 ka just above the hiatus, overlain by a turbid-
ite around 5.50 m (Foubert et al. 2007; see also Sect. 6.2.1). Geophysical
and geochemical properties show around the same depth in Hole U1316A
a coarser fining-upwards sequence with an erosional boundary (see Sect.
4.4.1).

The extremely depleted values of the magnetic intensities and magnetic
susceptibilities in the lowermost sections are greater than can be accounted
for by dilution with magnetite-poor sediments and suggest that post-
depositional destruction of magnetite has occurred, explaining the scat-
tered directional data at these depths. Florindo et al. (2003) showed that
dissolution of magnetite is a common feature in siliceous sedimentary en-
vironments, whereby thermodynamic calculations indicate that magnetite
is unstable under conditions of elevated dissolved silica concentrations
(and appropriate Eh-pH conditions) and predict that magnetite will break
down to produce iron-bearing smectite. Pore water analyses in the off-
mound sediments indeed show an increase in silica concentrations in the
lowermost sections (Exp. 307 Scientists 2006c).

Fig. 5.14 A Stepwise AF demagnetization (5, 10, 15, and 20 mT) of Section 307-
U1316A-1H1 at 0.55 mbsf. B Stepwise AF demagnetization (5, 10, 15, and 20
mT) of Section 307-U1317A-1H1 at 0.85 mbsf. C Stepwise AF demagnetization
(0, 5, 10, 15, 20 and 25 mT) of Section 307-U1316A-2H5 at 13.75 mbsf. D Step-
wise AF demagnetization (0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 30, 35,
40, 45, 50, 60, 70, 80, 90, and 100 mT) of Section 307-U1316A-20X1 at 119.07
mbsf. Left panels represent orthogonal projections of endpoints of the magnetiza-
tion vector. Open circles = projections on vertical plane, solid circles = projections
on horizontal plane. Right panels represent equal area projection of the magnetiza-
tion vector during demagnetization.
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Fig. 5.15 Inclination records at peak fields of 15 mT and interpreted magneto-
stratigraphic framework in Holes U1316A and U1316B. Black horizontal line
represents the interpreted Brunhes Chron. Red horizontal line represents the
mound base. Below this base magnetostratigraphic interpretation became impossi-
ble (no stable magnetization; Fig 5.14D).

Fig. 5.16 Left panel: Intensities at peak fields of 15 mT for Holes U1316A and
U1316B. Right panel: Comparison of normalized palaeo-intensities of Hole
U1316A with SINT-800 Stack (Guyodo and Valet 1999) and normalized intensi-
ties of ODP Site 980 (Channell and Raymo 2003). Black horizontal lines represent
correlation lines between the holes. Red horizontal lines represent the unconform-
ity. Below this base intensities are extremely low (no stable magnetization; Fig
5.14D).
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Sr-isotopic datings on skeletal aragonite confirm the proposed magneto-
stratigraphic framework for Site U1316 (Kano et al. subm.). The clear
changes in magnetic characteristics around 55.06 mbsf in Hole U1316A
and 58.30 mbsf in Hole U1316B correspond with a major lithological
boundary (Sect. 3.4.1), which can be correlated with the unconformity rep-
resenting the mound base and representing an age gap of several million
years. Sr-isotopic datings at 77.62 mbsf in Hole U1316A point out an age
of 16.578 Ma (Kano et al. subm.), while at 31.20 mbsf in Hole U1316A an
age is noted of about 0.429 Ma. Sr-isotopic datings in the coral-rich unit at
49.35 mbsf in Hole U1316C, correspond with an age around 2.482 Ma,
suggesting that at least a part of the coral-rich units is probably in situ (see
also Sects. 3.4.1 and 4.4.1). Biostratigraphic research confirms that the
lowermost sections have an Early to Middle Miocene age while the upper
units have a Pleistocene age (Exp. 307 Scientists 2006c¢).

5.4.2 Site U1318

Shipboard palaeomagnetic measurements were conducted on cores from
Holes U1318A, U1318B and U1318C. Alternating-field demagnetization
of natural remanent magnetization was conducted up to 20 mT in 5 mT
steps on core 307-U1318A-1H. Based on this demagnetization experiment
(Fig. 5.17A-B), the other sections were demagnetized at 10 and 15 mT.
NRM and magnetization after two-step demagnetization were measured on
archive halves. Discrete samples were taken on the working halves of
cores in Hole U1318B. Shore-based measurements were carried out with
the cryogenic magnetometer at the Geophysical Centre of Dourbes, con-
firming the isolation of the characteristic remanent magnetization for the
uppermost sections around 15 mT. Obtaining stable remanent magnetiza-
tions in the lowermost sections was difficult (Fig. 5.17C). However, char-
acteristic remanent magnetizations could be calculated by the standard
three-dimensional least-squares fit to palaeomagnetic vector data via prin-
cipal component analyses (PCA) on respectively AF-demagnetization
steps 7.5 mT, 10 mT and 12.5 mT (Kirschvink 1980).

Fig. 5.17 A Stepwise AF demagnetization (5, 10, 15, and 20 mT) of Section 307-
U1318A-1H1 at 0.25 mbsf. B Stepwise AF demagnetization (5, 10, 15, and 20
mT) of Section 307-U1318A-1H3 at 3.15 mbsf. C Stepwise AF demagnetization
(0, 2.5, 5,75, 10, 12.5, 15, 17.5, 20, 22.5, 25, 30, 35, 40, 45, and 50 mT) of Sec-
tion 307-U1316A-2H5 at 164.5 mbsf. Left panels represent orthogonal projections
of endpoints of the magnetization vector. Open circles = projections on vertical
plane, solid circles = projections on horizontal plane. Right panels represent equal
area projection of the magnetization vector during demagnetization.
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Fig. 5.18 Inclination records at peak fields of 15 mT and interpreted magneto-
stratigraphic framework in Holes U1318A and U1318B. Black horizontal lines
represent the interpreted Chrons and Subchrons. Red horizontal lines represent the
unconformity, interpreted as the mound base. Red dots represent the characteristic
remanent magnetizations on discrete samples calculated by the standard three-
dimensional least-squares fit to palacomagnetic vector data via principal compo-
nent analyses (PCA) (Kirschvink 1980).

Only the inclination data from the characteristic remanent magnetiza-
tions were retained for the interpretation of a magnetostratigraphic frame-
work (Fig. 5.18). For Hole U1318, magnetostratigraphic dating was possi-
ble by correlating the inclination records of Holes U1318B and U1318C
with the geomagnetic polarity timescale from Lourens et al. (2004) (Table
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5.3). The inclination data (Fig. 5.18) cluster around ~66° above 82.00 mbsf
and 79.90 mbsf in respectively Holes U1318B and U1318C. Below these
depths inclination data show a small shift, which can be explained by the
presence of more reworked and coarser material in the intervals between
82.00 and 86.20 mbsf (Hole U1318B) and 79.90 and 84.20 mbsf (Hole
U1318C). The inclinations of the uppermost sections correspond with the
reference inclination of the present geomagnetic field at the drilling site,
which is 66.36° according to the IGRF 2005. These positive inclinations
can be interpreted as a normal polarity zone corresponding with the Brun-
hes Chron, which has an age <0.78 Ma. Below 86.20 mbsf and 84.20 mbsf,
inclination data become more scattered (Fig. 5.18). However, a tentative
magnetostratigraphic framework could be proposed for the lowermost sec-
tions based on the general inclination trends and taking into account the
presence of an important unconformity and some smaller-scaled erosive
boundaries. The unconformity is localized at 86.20 and 84.20 mbsf in
Holes U1318B and U1318C and corresponds with the mound base uncon-
formity, as discussed in previous chapters. Palynological analyses (Lou-
wye et al. subm.), showed that a latest Middle Miocene age can be pro-
posed for the sediments immediately below the unconformity. This
palynological datapoint was used as a palaeomagnetic tiepoint. Fig. 5.18
and Table 5.3 represent the tentative magnetostratigraphic framework, and
the boundary Chron ages according to Lourens et al. (2004). The lower-
most sections have an age between the Late Burdiglian (Chron C5Cn.3n;
16.7 Ma) at 240.00 mbsf and the Late Serravalian at 86.20 mbsf (C5An.1n;
12.01 Ma). The proposed magnetostratographic framework is confirmed
by palynostratigraphic analyses (Louwye et al., subm) and by Sr-isotopic
datings (Kano et al. subm.).

Up to 33.00 mbsf in Hole U1318A and 35.05 mbsf in Hole U1318B,
magnetic intensities are between 0.002 and 0.020 A/m (Fig. 5.19). At
33.00 mbsf in Hole U1318A and 35.05 mbsf in Hole U1318B, intensities
show an increase to 0.03-0.04 A/m and fall to 0 A/m at 60.00-62.00 mbsf.
Between 60.00 and 80.70 mbsf in Hole U1318A and between 62 and 82.00
mbsf in Hole U1318B, a doublet in magnetic intensity shows the highest
values at Site U1318 (up to 0.07 A/m). Below 86.70 mbsf (Hole U1318A)
and 86.20 mbsf (Hole U1318B) magnetic intensities drop below extremely
low values of 10° A/m (Fig. 5.19). As at Site U1316, the low susceptibili-
ties and intensities below these depths can be explained by post-
depositional destruction of magnetite (Florindo et al. 2003). Similar trends
are recognized in the magnetic susceptibilities (Sect. 5.3), suggesting that
the concentration of magnetic minerals and magnetic mineralogy have the
primary effect on the intensities; geomagnetic intensity being secondary.
However, by normalizing the intensity records of Hole U1318B with the
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magnetic susceptibility, normalized palaeo-intensities could be obtained
for the upper interval. Comparing the normalized intensities of Hole
U1318B with the standard palaeointensity curve SINT-800 (Guyodo and
Valet 1999) and with the palaeointensity proxies for ODP Site 980 (Chan-
nell and Raymo 2003), a correlation between these records could be pro-
posed (Fig. 5.19). This correlation, established on Fig. 5.19, suggest that
the sediments between 0 and 82.00 mbsf in Hole U1318B have an age be-
tween 0 and 550 ka.

Table 5.3 Magnetostratigraphic Chrons and Subchrons and corresponding ages
according to Lourens et al. (2004), defined in Holes U1318B and U1318C.

Normal Polarity Top[Ma] Bottom[Ma] Epoch, stage (approxi-
(Chron/Subchron) mate)

Cin 0.000 0.781 Pleistocene

C5An.1n 12.014 12.116 Miocene, Serravalian
C5AN.2n 12.207 12.451 Miocene, Serravalian
C5HAr.1n 12.730 12.765 Miocene, Serravalian
C5HAr.2n 12.820 12.878 Miocene, Serravalian
C5AAN 13.051 13.183 Miocene, Serravalian
C5ABN 13.369 13.605 Miocene, Serravalian
C5ACn 13.734 14.095 Miocene, Serravalian
C5ADn 14.194 14.581 Miocene, Serravalian
C5Bn.1n 14.784 14.877 Miocene, Langhian
C5Bn.2n 15.032 15.160 Miocene, Langhian
C5Cn.1n 15.974 16.268 Miocene, Langhian
C5Cn.2n 16.303 16.472 Miocene, Langhian
C5Cn.3n 16.543 16.721 Miocene, Burdiglian

Fig. 5.19 Left panel: Intensities at peak fields of 15 mT for Holes U1318A and
U1318B. Right panel: Comparison of normalized palaeo-intensities of Hole
U1318B with SINT-800 Stack (Guyodo and Valet 1999) and normalized intensi-
ties of ODP Site 980 (Channell and Raymo 2003). Black horizontal lines represent
correlation lines between the holes. Red horizontal lines represent the unconform-
ity. Below this base intensities are extremely low (no stable magnetization; Fig
5.17C).
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5.5 Discussion

Based on the magnetostratigraphy described in previous sections, a general
evolution model for Challenger Mound and his surrounding environment
can be proposed. This evolution will be described as occurring in four
phases: (1) pre-mound phase (Sect. 5.5.1), (2) mound initiation (start-up
phase) (Sect. 5.5.2), (3) mound evolution (main mound growth phase)
(Sect. 5.5.3) and (4) mound declination (give-up phase) (Sect. 5.5.4).

5.5.1 Pre-mound phase

Understanding the evolution of the eastern margin of the Porcupine
Seabight before the onset of extensive mound development is important as
the interaction between tectonic, sedimentary and palaeoceanographic
processes may have played an important role in "preparing” the margin
towards an environment or habitat where cold-water corals liked to build
up mounded structures. The combination of magnetostratigraphy, bio-
stratigraphy and absolute datings on the IODP Holes, especially the holes
recovered at Site U1318, made it possible to frame the pre-mound evolu-
tion of the eastern margin of Porcupine Seabight and to evaluate and inter-
pret the unconformity interpreted as the mound base more accurate as sug-
gested before based on high-resolution seismic data (De Mol et al. 2002;
Van Rooij et al. 2003).

Palaesomagnetic and biostratigraphic data indicate a Late Burdiglian
(Chron C5Cn.3n; 16.7 Ma; 240.00 mbsf) to Late Serravallian (C5An.1n;
12.01 Ma; 86.20 mbsf) age for the sediments below the unconformity at
Hole U1318B. Sr isotopic datings point to slightly younger ages below the
hiatus at Site U1318, but are in the same age range (Kano et al. subm.).
Sr-isotopic datings at Site U1316A show ages of 16.578 Ma (77.62 mbsf)
below the unconformity (Kano et al., subm.), suggesting that the uncon-
formity is representing a bigger time hiatus at Site U1316 than at Site
U1318. This evidences that the sediments (lithological unit 3) at Hole
U1318 are indeed best preserved to study the evolution of the eastern mar-
gin shortly before cold-water corals started to colonize this margin.

The lowermost sediments at Site U1318 (240.00-190.30 mbsf) have an
age from Late Burdiglian to Early Langhian and can be correlated with
lithological unit 3C, consisting of consolidated silty clay to fine-grained
sand with a varying carbonate content of approximately 25 to 35 weight%
(Exp. 307 Scientists 2006e). This unit can be tentatively correlated with
the upper strata of seismic unit U3 (Van Rooij et al. 2003; Van Rooij
2004) (Fig. 5.20). Based on the relative and absolute datings, a (Early to)
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Middle Langhian to Early Serravallian age can be attributed to the next
layer of sediments (190.30-121.00 mbsf) correlating with unit 3B consist-
ing of consolidated silty clay with a carbonate content varying between 10
and 20 weight% and abundant bioturbation (Exp. 307 Scientists 2006e).
This unit can be correlated with the lowermost strata of the seismic unit U2
(Fig. 5.20).

Fig. 5.20 Correlation between magnetostratigraphic time framework, lithological
units as defined by Exp. 307 Scientists (2006e) and seismic units as defined by
Van Rooij et al. (2003) along a N-NW to S-SE transect at Site U1318.

For sediments just below the unconformity (121.00-86.20 mbsf) an age
can be attributed from (Early to) Middle Serravallian to Late Serravalian
corresponding with lithological unit 3A, consisting of consolidated silty
clays interbedded with well-sorted fine-grained sand and carbonate con-
tents between 27 and 50 weight%. Lithological unit 3A is characterized by
an erosive boundary at its base, separating lithological unit 3A from
lithological unit 3B. This small erosive boundary is also observed on the
seismic data as an internal erosional unconformity filled with a very com-
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plex facies, resembling a cut-and-fill geometry, within seismic unit U2
(Fig. 5.20). This internal erosional unconformity is not yet described as
such. The uppermost sediments can be correlated with the strata of seismic
unit U2 above this erosional unconformity.

The RD2 discontinuity, separating seismic units U3 and U2 and de-
scribed by Van Rooij et al. (2003) as an erosive discontinuity genetically
related to the introduction of Norwegian Sea Water (NSW) in the North
Atlantic, most probably represents a hiatus of minor magnitude since it is
not readily reflected as a major shift in the dinoflagellate cyst assemblage
(Louwye et al. subm.). Also the magnetostratigraphic record does not show
a major break or shift in the data. It can be suggested that the event causing
the RD2 discontinuity observed on seismic profiles took place during early
Middle Miocene times (+/- 15 Ma) but is not as erosive as pointed out by
Van Rooij et al. (2003).

Louwye et al. (subm.) calculated some palaeoenvironmental indices, in-
cluding parameters such as temperature, diversity, terrestrial influence and
productivity signal, based on the fossil dinoflagellate cyst assemblage to
interpret the records in terms of palaeoclimatic changes. These authors
suggested a dominance of neritic species throughout Hole U1318B, proba-
bly transported from the shelfal areas to the deeper depositional areas, evi-
dencing the fact that the main sediment supply zone is located on the Irish
and Celtic shelves (Rice et al. 1991). Between 241.00 mbsf to approxi-
mately 144.00 mbsf, a dominance of thermophylic dinoflagellate species is
encountered in Hole U1318B (Louwye et al. subm). A sudden increase of
cold-water indicating dinoflagellate cysts is observed at 139.00 mbsf, fol-
lowed by a short return of warm water indicating species in the uppermost
sediments below the unconformity (Louwye et al. subm.). During the Late
Oligocene a warm phase set in during which the extent of the Antarctic
ice-sheets reduced and the temperature of the bottom waters increased.
This warming period culminated in the Middle Miocene Climatic Opti-
mum, which is well documented in the marine and continental realm from
several proxies and lasted approximately from 17.00 to 14.50 Ma (Zachos
et al. 2001; Boéhme 2003). A gradual cooling phase set in after 14.50 Ma
and was characterized by several short-lived glaciations (Miller et al.
1998). Zachos et al. (2001) considered the astronomical forcing by long-
period orbital cycles to be the driving factor behind Neogene climate
changes. The lowermost units can be interpreted as deposited during the
Middle Miocene Climatic Optimum. The observed drop in thermophylic
dinoflagellate species at 139.00 mbsf can be paralleled with the onset of
the global, climatic cooling phase which occurred after the Middle Mio-
cene Climatic Optimum. The relative dating (magnetostratigraphy and bio-
stratigraphy) places the distinct cooling event at 139.00 mbsf in Chron
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C5Bn at approximately 13.60 Ma. The erosive event observed on the seis-
mic profiles within seismic unit U2 and at the base of lithological unit 3A
can be interpreted as caused by this climatic cooling phase coinciding with
a change in the oceanographic circulation patterns characterized by the in-
creasing influence of Norwegian Sea Deep Water (NSDW) flow in the
North Atlantic. It can be supposed that the effects of the increasing influ-
ence of NSDW in the North Atlantic Ocean during Early to Middle Mio-
cene times were not yet fully established. This can explain the minor hiatus
represented by the RD2 unconformity. However, around 13.00 Ma the in-
fluence of this NSDW in the North Atlantic could have had a major impact
on the sediments in PSB resulting in local erosion surfaces as the internal
erosive discontinuity (Fig. 5.20). Isotopic data from DSDP Sites 116 and
610 evidences that major NSDW overflow began in the late Middle Mio-
cene around 12.00 to 13.00 Ma. This was confirmed by Stoker et al. (2005)
which recognized a regional expansion of contourite development after the
so-called C20 discontinuity in these regions. Stoker et al. (2005) inter-
preted the onset and acceleration of NSDW overflow since Middle Mio-
cene times to be a consequence of tectonic inversion in the Faroe-Shetland
area, which changed the geometry of the Wyville-Thomson Ridge Com-
plex so as to facilitate the opening of the Faroe conduit as a passageway
for the exchange of intermediate and deep-water masses between the At-
lantic Ocean and the Nordic Seas. It may be no coincidence that with the
development of this oceanic circulation pattern, there was a progressive
cooling of the northern hemisphere climate linked to the development of
both northern and southern gateways (Zachos et al. 2001).

The youngest sediments below the unconformity at Site U1318 are thus
of Late Serravalian age. However, it remains unknown whether the uncon-
formity located at the top of the section, which can be correlated with the
RD1 unconformity (Van Rooij et al. 2003) is precisely located at the Ser-
ravalian-Tortonian boundary or somewhere in the upper parts of the Serra-
vallian. Louwye et al. (subm.) suggested that the upper boundary of the
studied section, can be correlated with the major sequence boundary
Ser4/Torl at 10.50 Ma (Hardenbol et al. 1998). However, as mentioned
before, the RD1 unconformity is a discontinuous unconformity and his lat-
eral variability is described in earlier studies (Van Rooij et al. 2003; Van
Rooij et al. 2007b). Based on the absolute and relative datings it can be
suggested that the RD1 unconformity represents a hiatus of minimum 8.00
Ma as the youngest sediments below the unconformity have an age around
10.50 Ma and the oldest sediments encountered above the unconformity
have an age around 2.60 Ma (for discussion see Sect. 5.5.2). It might be
questioned if the erosion event responsible for such a major hiatus may
have occurred at once or in several steps, which may explain the lateral
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variability. Praeg et al. (2005) has proven that Late Cenozoic tectonic
movements affected the continental margins around the NE Atlantic in the
Early Pliocene, resulting in kilometre-scale domal uplift of onshore and
shallow shelf areas, coeval with accelerated offshore subsidence. These
movements have been linked to a Late Neogene global plate reorganiza-
tion (Cloething et al. 1990). Stoker et al. (2005) correlated the C10 uncon-
formity (interpreted as a late Early Pliocene boundary) along the NE Euro-
pean Atlantic margins as formed by a combination of tilting in shelf areas
and submarine erosion in deep-water basins caused by a Late Neogene
plate reorganization both in the Atlantic and the Pacific regions (Pollitz
1988; Cloetingh et al. 1990). It can be supposed that an epeirogenic tilting
of the margins in the Late Cenozoic occurred in different phases, responsi-
ble for the lateral variability of the unconformity. However, global
oceanographic changes during this period cannot be neglected. The closure
of the Central American Seaway by the formation of the Isthmus of Pa-
nama in the Late Miocene to Early Pliocene resulted in the replacement of
a circum-equatorial circulation pattern by an inter-polar flow (Haug and
Tiedemann 1998; Lear et al. 2003), resulting in the redirection of warm
and saline water masses to high northern latitudes (Lear et al. 2003). This
may have strengthened the formation of North Atlantic Deep Water and
consequently an increase in submarine erosion along the NE Atlantic mar-
gins. The redirection of warm and saline water masses to the north might
have also influenced the current patterns in Porcupine Seabight dramati-
cally, resulting in erosion of the eastern margin. However, Stoker et al.
(2005) suggested that the intensity of the current flow and submarine ero-
sion is likely to have been enhanced by changes in the configurations of
basins and the elevation of bathymetric thresholds, induced by the Early
Pliocene large-scale tilting of the margin (Cloetingh et al. 1990).

5.5.2 Mound initiation

Relative magnetostratigraphic dating and absolute datings have shown that
the mound started to grow in the Late Pliocene (Gelasian) around 2.70 Ma
(Gauss Chron) at Hole U1317E, i.e. the hole localized closest to the sum-
mit of Challenger Mound. The start-up phase in the holes localized more
towards the flanks of Challenger Mound, seems to be a bit younger as the
transition towards the Gauss Chron could not be identified anymore in
these holes (Fig. 5.3). This suggests that the nucleation point for the onset
of cold-water coral growth, and so mound growth can be situated below
the top of Challenger Mound. More evidences for an earlier start-up phase
towards the top of Challenger Mound is found in the cyclic record of the
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geophysical properties, whereby an extra cycle is noted just above the
mound base in Hole U1317E (see Sect. 4.2.2).

It can be questioned what triggered cold-water coral growth, and so
mound growth during this period. It is obvious that the start-up phase of
mound growth coincides with the onset of major northern hemisphere gla-
ciations. The onset of glaciations near 3 Ma is thought to owe to a gradual
cooling trend over the last 4 Ma (Shackleton and Hall 1984; Raymo 1994;
Ravelo et al. 2004), which is itself part of a longer-term trend over the last
50 Ma (Zachos et al. 2001). Marine sedimentary records of ice rafted de-
bris and oxygen isotopic composition revealed major glacial expansions at
2.50 Ma (Shackleton et al. 1984) and 2.70 Ma (Haug et al. 1999). Mudel-
see and Raymo (2005) found that northern hemisphere glaciations started
as early as 3.60 Ma and ended at 2.4 Ma. They suggest that such a long-
term increase points to slow tectonic forcing such as closing of gateways
or mountain building as the root cause of northern hemisphere glaciations.
However the exact cause of even these well-studied transitions from a
greenhouse world (Crowley 1991) to a world with periodically waxing and
waning ice-sheets (Berger et al. 1984) remain unknown. Anyway, it is evi-
denced that the oceanographic circulation underwent major changes most
probably caused by tectonic activities just before the onset of the northern
hemisphere glaciations, which played an important role in Porcupine
Seabight by creating the RD1 unconformity as substrate for the onset of
cold-water coral growth and which may have played an important role in
initial cold-water coral growth by the redirection of warm and saline water
masses to the north (see Sect. 5.5.1). The introduction of the high saline
Mediterranean Outflow Water in the North Atlantic Ocean during this pe-
riod, might play locally in the Porcupine Seabight an important role (De
Mol et al. 2002).

Freiwald et al. (1999) pointed out that cold-water corals prefer to settle
on hard substratum on an elevated position where enough nutrients are
available. The external input of nutrients is often regarded as one of the
most important factors thriving cold-water coral growth (Freiwald et al.
1999; Mortensen et al. 2000; Roberts et al. 2006). It should be mentioned
that no specific hardgrounds, dropstones or hard substrates are observed
within the 10DP core sections which might have been an initial settling
surface. However, the Miocene substrate can be described as consolidated
silts and clays which probably was a sufficient consolidated surface for
cold-water coral growth. The presence of bivalves moulds and conglomer-
ate above the unconformity at Site U1318, suggest that also conglomerate
might have been a nucleation point where cold-water corals started to set-
tle on. However, no obvious conglomerate is found at the mound site.
Anyway, it should be reminded that sampling a mound of 1.5 km in width
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and 150 m in height with cores of 6 cm in diameter might have missed the
nucleation point of mound growth. Once the cold-water corals started to
grow, a self-sustaining mechanism can keep the corals growing, as old
cold-water coral framework can provide new substrate for further en-
hanced cold-water coral growth. Van Rooij et al. (2003) evidenced that the
erosive events responsible for the creation of the RD1 unconformity left
behind a topographic irregular landscapes with terraced-like features.
These authors suggested that most of the mounds started to grow on a to-
pographic irregularity or a scarp created by the RD1 erosive event, so a to-
pographic high which may have favourized cold-water coral growth by
creating micro-habitats rich in nutrients. Another factor playing an impor-
tant role in mound growth is the interaction between sediments and cur-
rents (Foubert et al. 2005a; Huvenne et al. 2005; Wheeler et al. 2005Db).
Currents should be high enough to prevent the living polyps to be buried
but should be from that sort that it allows baffling of transported sediments
to make mound growth possible (Foubert et al. 2005a; Huvenne et al.
2005; see also Chap. 7). The presence of enhanced currents is thus re-
quired to keep the living polyps sediment-free. The vigorous bottom cur-
rents, responsible for the creation of the RD1 unconformity may have been
sustained throughout the Pliocene and the Early Pleistocene triggering
cold-water coral growth.

5.5.3 Mound evolution

Once the initial mound building phase was set up, the mound came in an
important growth episode. Relative magnetostratigraphic dating and abso-
lute dating revealed that the mound was in an important mound growth
phase between ~2.60 and ~1.60 Ma, showing that about 125 metre of the
mound was built in approximately 1 million year. Sedimentation rates cal-
culated based on the magnetostratographic tiepoints, illustrate the highest
mound growth rates around 2.15 Ma (~Réunion Subchronozone). More-
over, the highest sedimentation rates are during this period noted at Hole
U1317E closest to the summit of the mound, suggesting that the mound
was then in a vertical growth phase, while mound growth at the flank of
the mounds was limited. This is also evidenced by the presence of more
cycles in the geophysical properties during this period at the top of the
mound, compared to the flank of the mounds. The opposite is true for the
period, following up this extensive vertical mound growth phase around
2.15 Ma, characterized by a decrease in mound growth rates going from
the flank of the mound to the top of the mound. This evidences that the
mound started to expand in horizontal direction after 2.00 Ma, resulting in
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extra cycles in the geophysical properties at the flank of the mound. So, it
can be suggested that the main mound growth phase can be divided in two
growth episodes: (1) a vertical growth episode from 2.60 Ma until ~2.00
Ma and (2) a horizontal growth episode from ~2.00 Ma until ~1.60 Ma.

Important to note is that no sediments are encountered in the off-mound
region during this main mound growth phase. This evidences the presence
of vigorous bottom currents during this period preventing sedimentation in
the off-mound regions. Only lithological unit 2 described in the holes at
Site U1316 evidences of the presence of sediments deposited during the
extensive mound growth phase. However, some of the coral-rich sediments
in this interval can be autochthonous (Sect. 3.5.1). The same can be sup-
posed for the sediments in lithological unit 2 at Site U1318, which are
characterized by reworked sandy sediments and the presence of conglom-
erate (Sect. 3.5.2). Such a condensed unit can bear witness of the high bot-
tom current regime during the period of mound growth, resulting in non-
deposition in the off-mound regions. Moat structures around the mound,
clearly observed on seismic data (Van Rooij et al. 2003), evidence also the
presence of high bottom currents during mound build-up.

5.5.4 Mound decline

Two important hiatus are noted in the uppermost mound sediments. The
first one is situated around 25.00 mbsf and represents a time hiatus of more
than 500 ka (~1.00 - 1.60 Ma), corresponding with an abrupt lithological
change. A second hiatus of minor magnitude is present around 4.00 mbsf
but is not recovered in as much detail in all the IODP Holes. However, a
gravity core (MDO01-2450) on the some location as the IODP Holes, con-
firm the presence of this hiatus. The age constraints on the uppermost hia-
tus are not that well-established, but Sr isotopic datings on the skeletons of
cold-water corals revealed ages of 571 ka below the hiatus in Hole
U1317E (Kano et al. subm.), while U/Th datings showed ages older than
250 Kka just below the hiatus in the gravity core (MDO01-2450) (Sect. 6.4.2).
The sediments just above the second hiatus belong probably to MIS 6
(Sect. 6.4.2).

Really low mound growth rates are noted above the first hiatus (25.00
mbsf), suggesting that the mound started to decline around 1.00 Ma. This
seems to coincide with the onset of the Mid-Pleistocene Revolution
(MPR). The Mid-Pleistocene Revolution is the term used to describe the
transition between 41 ka and 100 ka glacial-interglacial cycles which oc-
curred about 1 million years ago (Maslin & Ridgwell 2005). However, not
only does the periodicity of glacial-interglacial cycles increase going
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through the MPR, but there is also an increase in the amplitude of global
ice volume variations. The ice volume increase may in part be attributed to
the prolonging of glacial periods and thus of ice accumulation (Maslin &
Ridgwell 2005). So, the MPR could be thought of not as a transition to a
new mode of glacial-interglacial cycles per se, but simply the point at
which a more intense and prolonged glacial state and associated subse-
quent rapid deglaciation became possible. Lisiecki and Raymo (2007)
show that the relative duration of interglacial stages decreases during the
MPR. Many authors suggest this MPR as occurring in two phases (Mudel-
see & Stattegger 1997). Helmke et al. (2005) evidenced such a systematic,
gradual change in the sedimentation patterns of the Nordic seas region. A
first distinct change occurred around 1 Ma and revealed the beginning of a
shift in climate periodicity from stronger 41 ka cycles towards a dominant
100 ka cyclicity, while the most pronounced changes in the sedimentary
environment occurred between 700 and 420 ka (Helmke et al. 2005). Such
a two-phase evolution of the MPR may explain the two hiatus in the up-
permost mound sediments, whereby the second hiatus may represent the
definitive decline of Challenger Mound. The switch to more intensive gla-
ciations might have been noxious for cold-water coral growth and mound
build-up. Moreover, Raymo et al. (1990) and Ferretti et al. (2005) evi-
denced that the oceanographic circulation patterns were also changing dur-
ing the MPR. In particular, North Atlantic Deep Water (NADW) was pro-
duced strongly during most of the period from 2.50 to 1.50 Ma ago, and
after this time it was greatly weakened allowing water from the Antarctic
to penetrate far northward in the Atlantic; finally, during the last 0.70 Ma
these periods of weak NADW production corresponds to times of peak
glaciations. This periods of weak NADW production, might have shut-
down the transport of warm surface waters and vigorous MOW towards
the north, which can have resulted in quieter bottom current conditions in
Porcupine Seabight. Such quieter bottom current conditions where not suf-
ficient for cold-water corals to keep their polyps any longer sediment free
and to allow nutrient-rich waters reaching the zones of extensive cold-
water coral growth.

Remarkable is that palaeointensity variations evidence the onset of
sedimentation in the off-mound regions around 550 ka at Site U1318 and
around 475 ka at Site U1316. This sudden onset of off-mound sedimenta-
tion might be a reflection of the more intensive glaciations after the MPR
in Porcupine Seabight coinciding with an increase in terrigenous input
from the shelves. Indeed, ice-sheets are inferred to have formed over Ire-
land and Britain only during the last 0.50 Ma (Bowen 1989; Bowen 1991).
The more, Sejrup (2005) showed that only in glacial episodes during the
last 0.50 Ma ice-sheets reached the shelf edge along the whole NW Euro-
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pean margin. Subglacial drainage networks and tunnel-valleys across Ire-
land and in the lIrish-Celtic Sea (Wingfield 1990; Warren and Ashley
1994) may have supplied sorted sediment directly to the shelf edge to be
received by slope canyons, as the Gollum channel system, which may have
become again inactive since the end of the last glaciation (Tudhope and
Scoffin 1995; Unnithan et al. 2001; Weaver et al. 2000; Wheeler et al.
2003).
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Summary

The interpretation of inclination records and palaeointensity records al-
lowed building up a magnetostratigraphic framework for the mound re-
cords at Site U1317 and the off-mound sediments at Sites U1316 and
U1318. A four-phase general evolution model for Challenger Mound and
his surrounding environment could be proposed. During a pre-mound
phase the eastern margin was prepared for the onset of cold-water coral
growth by an erosive event, probably caused by a combination of uplifting
of the continental margins and associated changes in bottom current re-
gimes, cutting in older deposited units. A Late Burdiglan (Chron
C5Cn.3n; 16.70 Ma) to Late Serravalian (C5An.1n; 12.01 Ma) is at-
tributed to the sediments at Site U1318 below the unconformity deposited
during the Middle Miocene Climatic Optimum and a subsequent cooling
phase around 13.60 Ma. Mound initiation started between ~2.50 and
~2.70 Ma at Site U1317, coinciding with the onset of the northern hemi-
sphere glaciations. Mound evolution occurred in two important mound
growth episodes: (1) a vertical growth episode from ~2.60 Ma until
~2.00 Ma and (2) a horizontal growth episode from ~2.00 Ma until
~1.60 Ma. Mound decline started probably around ~1.00 Ma. The switch
towards more intense and prolonged glacial states during the Mid-
Pleistocene Revolution (MPR) may have been responsible for the decline
of mound growth. Extensive off-mound sedimentation started around the
same period, respectively at 475 ka and 550 ka at Sites U1316 and U1318,
reflecting the more intensive glaciations after the MPR in Porcupine
Seabight coinciding with an increase in terrigenous input from the shelves.

The interplay between terrigenous sedimentation (with the supply of
paramagnetic Fe-rich clay minerals (mainly illite and chlorite), diamag-
netic quartz and ferrimagnetic magnetite), biogenic sedimentation (dia-
magnetic calcium carbonate) and diagenesis (dissolution of ferrimagnetic
magnetite and formation of paramagnetic pyrite) controls the susceptibility
records. The anisotropy in magnetic susceptibility evidenced that the
sediments in the mound are deposited by northward directed currents
ensuing alongslope transport of sediments.

Tuning the susceptibility records to standard oxygen isotopic records,
made it possible to define a stacked susceptibility record calibrated in
age for the mound sediments (SUSMOUND). Spectral analysis of the sus-
ceptibility records and the tuned records revealed some spectral charac-
teristics of Milankovitch cyclicity between the mound base (~2.50 to 2.70
Ma) and a major hiatus present around 25.00 mbsf (~1.67 Ma), suggesting
climatic forcing.
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Before the R/V JOIDES Resolution ever entered the Porcupine Seabight to
drill Challenger Mound, the top of different mounds and their surrounding
environments were already subjected to many detailed studies to unveil the
top of their secrets. A systematic sampling of the top of different on-mound
and off-mound records was carried out with the Calypso piston corer and
the gravity corer aboard the R/V Marion Dufresne during the MD123-
Geosciences campaign in September 2001. Within the EC FP5 pro-
grammes GEOMOUND and ECOMOUND these cores have been exten-
sively studied.

In this chapter, the on-mound and adjacent off-mound records from two
mound sites, respectively Challenger Mound and Mound Perseverance, lo-
calized in two different mound provinces in Porcupine Seabight, respec-
tively the Belgica Mound Province and the Magellan Mound Province, will
be discussed and compared with the long IODP records. Both provinces
show nowadays clear differences in their hydrodynamic environment. This
study evidences that also during the past the sedimentological environment
of both provinces differ clearly, which can have an important impact on
cold-water coral growth and carbonate mound development. Geophysical
properties (P-wave velocity, gamma density and magnetic susceptibility),
colour reflectance, X-ray imagery, medical (macro-scaled) computer to-
mographic (CT) scanning, geochemical XRF logging, grain size analysis,
isotopic measurements (9'°0 and §**C measurements, and §*‘C-dating)
and U/Th dating on cold-water coral fragments are used to identify and
describe the recent past sedimentation regimes and the respective palaeo-
ceanographic and palaeoclimatological settings of both mound sites. The
more, due to poor sampling of the top of the IODP records, a detailed
study of the uppermost sediments sampled with other sampling gear, al-
lows interpreting also the upper records of Challenger Mound in an ade-
quate way.
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6.1 Material and methodology

The cores available for this comparative on-mound versus off-mound
study were obtained with a Calypso piston corer (off-mound cores) and a
gravity corer (on-mound cores) aboard the R/V Marion Dufresne during
the MD123-Géosciences campaign (September 2001), within the frame-
work of the EC FP5 GEOMOUND project. Two on-mound cores (MDO1-
2451G and MDO01-2459G) and two off-mound cores (MD01-2450 and
MDO01-2452) have been retained for this detailed on-mound versus off-
mound study (Table 6.1) (Foubert et al. 2007).

Table 6.1 Localization and characterization of the studied cores MDO01-2450,
MDO01-2451G, MD01-2452, and MD01-2459G.

Core Recovery [m] Depth [m] Type Latitude Longitude

MDO01-2450  11.97 944 Calypso 51°22'31.27" 11°43'48.71"
MDO01-2451G 12.84 762 Gravity = 51°22'47.99" 11°43'03.45"
MDO01-2452  18.43 617 Calypso 52°19'23.78" 12°41'28.61"
MDO01-2459G 10.79 610 Gravity 52°18'00.60" 13°02'51.00"

Fig. 6.1 Localization of cores MD01-2450 and MD01-2451G (Belgica Mound
Province). A TOBI sidescan sonar imagery of Challenger Mound and his sur-
roundings (de Haas et al., 2002) and detailed multibeam bathymetry (Beyer et al.
2003). Contour interval is set at 10 m. B SW-NE orientated RCMG sparker profile
with localization of core sites MD01-2451G and MDO01-2450 and seismic-
stratigraphic features, as defined by Van Rooij et al. (2003).

The Calypso piston core MD01-2450 has a recovery length of 11.97 m
and is situated at the SW flank of Challenger Mound in the Belgica Mound
Province at a water depth of 944 m, corresponding with the location of
IODP Site U1316 (Fig. 6.1). Gravity core MD01-2451G with a recovery
length of 12.84 metre is situated on top of Challenger Mound at 762 m wa-
ter depth, corresponding with the location of IODP Site U1317 (Fig. 6.1).
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A general description of Challenger Mound and a site survey of his near-
by environment and the Belgica Mound Province are given in Chap. 2. An
overview of the actual hydrodynamic surface processes and the recent ap-
pearance of the sea-floor in the Belgica Mound Province are discussed in
Chap. 7. Sidescan sonar imagery and video imagery shows the presence of
coarse sediments and numerous bedforms in between the mounds indica-
tive of strong bottom currents and active sediment transport (de Haas et al.
2002; Huvenne et al. 2005; Wheeler et al. 2005b; Foubert et al. 2005a; see
also Chap. 7).

Fig. 6.2 Localization of core MD01-2459G (Magellan Mound Province). A TOBI
sidescan sonar imagery of Mound Perseverance and his surroundings (de Haas et
al. 2002) and GSI multibeam bathymetry. Contour interval is set at 10 m. B
NNW-SSE orientated RCMG sparker profile with localization of core site.

The second mound site is located within the Magellan Mound Province
situated at the northern margin of the Porcupine Seabight (see Chap. 1).
More specific, gravity core MD01-2459G with 10.79 m recovery length, is
localized on top of Mound Perseverance at 610 m water depth (Fig. 6.2).
The calypso piston core MD01-2452 has a recovery length of 18.43 m and
is situated in the sediments above some buried Magellan Mounds at a wa-
ter depth of 617 m (Fig. 6.3). A detailed study of the Magellan Mound
Province has been performed by Huvenne et al. (2002, 2003, 2007). On
TOBI sidescan sonar imagery the Magellan Mound Province appears as an
area with a homogeneous acoustic facies of medium, although rather
"grainy" backscatter strength (Huvenne et al. 2005), which can be linked to
bioturbated muddy or silty hemipelagic sediments (Kenyon et al. 1998).
The seabed has a gentler slope and a more regular appearance, without
erosion or sedimentation patterns, such as bedforms, as observed in the
Belgica Mound Province (Chaps. 2 and 7). Most mounds are buried under
a sediment drape but some mounds (like Mound Perseverance) form clear
features in the topography. Mound Perseverance is elevating about 50 m
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above the present-day seabed and is elongated in NNE/SSW direction. The
sediments over and around the buried Magellan Mounds are characterized
by a seismic unit of semi-parallel stratified reflections, sometimes abut
abruptly against the mound flanks, and in other cases bent downwards cre-
ating a depression or a moat surrounding the mound (Huvenne et al. 2007).

Fig. 6.3 Localization of core MD01-2452 (Magellan Mound Province). A TOBI
sidescan sonar imagery of sediments above buried Magellan Mounds (de Haas et
al. 2002) and GSI multibeam bathymetry. Contour interval is set at 10 m. B SSW-
NNE orientated RCMG sparker profile through core site.

All four cores were analysed with the GEOTEK Multi Sensor Core
Logger at a resolution of 2 cm, measuring magnetic susceptibility
(Bartington loop sensor MS2B), GRAPE density (Cs**' source with ener-
gies principally at 0.662 MeV) and P-wave velocity (P-wave "piston"
transducers) on whole-round sections.

The Calypso piston cores (MDO01-2452 and MD01-2450) were opened,
described and photographed with a digital camera. The colour reflectance
was measured with a Minolta colour spectrophotometer. The gravity cores
(MD01-2451G and MDO01-2459G) were at a first stage left unopened and
submitted to X-ray analyses with the SCOPIX X-ray equipment installed
at the University of Bordeaux (DGO, Université Bordeaux 1) to estimate
the coral content and the coral distribution. SCOPIX uses classical X-ray
equipment (X-ray source: 160 kV, 19 mA), coupled with new radioscopy
instrumentation (CCD camera 756 * 581 resolution), connected to a com-
puter for data acquisition and processing (Migeon et al. 1999). All whole-
core sections (150 cm long) were cut in two representing sections of 75
cm, in order to reduce weight of the chariot. The whole-cores were put in
the chariot and parts of 10 cm were X-rayed and digitally processed and
saved (Fig. 6.4). The X-ray images were then plotted in intensity grey
scale logs. The density of a substance is the predominant factor determin-
ing X-ray attenuation (as in X-ray CT scanning) (Lofi and Weber 2001). In
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a second phase the on-mound gravity cores (MD01-2451G and MDO1-
2459G) were frozen and subsequently split with a diamond saw blade. The
split core sections were described and photographed with a colour line
scan camera imaging system (consisting of a custom built 3*1024 CCD
line scan imaging system) installed at the Royal Netherlands Institute for
Sea Research (NIOZ) in Texel. Detailed visualization of the coral frag-
ments in a three-dimensional environment was realized by the medical CT-
scanner SOMATOM Sensation 64 from Siemens, installed at their Medical
Solutions research centre in Forchheim (Germany) (see Chap. 3).

Fig. 6.4 Method of two-dimensional X-ray analyses for unopened cores containing
coral fragments as used with SCOPIX (DGO, University Bordeaux I).

Geochemical elemental composition of the on-mound cores (MDO1-
2451G and MDO01-2459G) was determined with the AVAATECH XRF
core scanner installed at the Royal Netherlands Institute for Sea Research
(N10Z) (www.avaatech.com). Element intensities were measured in two
runs with a resolution of 1 cm. In a first run, a 30 second count time and a
computer controlled forced air cooked Oxford 50 Watt X-ray source oper-
ating at a current of 0.15 mA and 10 kV was used to obtain accurate ele-



200 6 The top of the record: on-mound and off-mound

ment intensities for the elements ranging from Al to Co. In a second run, a
30 second count time and an X-ray source operating at a current of 0.8 mA
and 30 kV resulted in element intensities for the elements ranging from Zn
to Zr, including the Sr count rates which can be important for the mound
sediments containing cold-water coral fragments. Additional geochemical
logging was carried out on the off-mound core MDO01-2450 using the
CORTEX XRF core scanner installed at the Geosciences Department of
the University of Bremen (R6hl and Abrams 2000) (see Chap. 4). Scans
were run for 30 counts at 20 kV with a resolution of 5 cm. The data from
both XRF scanners were processed using the KEVEX™ software Tool-
box®. In this study, mainly the Ca count rates, as an indicator for the
amount of carbonate in the core, the Fe count rates, as a proxy for the in-
flux of terrigenous material, and the Sr records, as a proxy for the amount
of cold-water coral fragments, will be discussed.

Grain size analyses were performed on the off-mound core MD01-2450
using the Malvern Laser Particle Sizer Mastersizer 2000 installed at the
University College of Cork and are in detail described and discussed by
Kozachenko (2005) and Jurkiw et al. (in prep.). Only the data relevant for
this comparative on-mound versus off-mound study will be highlighted in
this chapter.

Stable oxygen and carbon isotopic analyses were performed on core
MDO01-2450 at the Isotope Lab Bremen University using a Finnigan MAT
251 mass spectrometer. About 5 individual specimens of 2 benthic fo-
raminiferal species, Cibicides wuelerstorfi and Cibicides kullenbergi, and
about 20 specimens of the planktic foraminifer Neoglobigerina pachy-
derma were selected each 10 cm. The isotopic composition of the fo-
raminiferal 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. All
880 and 8*3C 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 deviations are about +/-0.07% PDB for §'0 and +/-0.05% PDB
for 8*3C. Isotopic measurements are in detail discussed by Jurkiw et al. (in
prep.). Only the data relevant for this comparative on-mound versus off-
mound study will be highlighted in this chapter.

Radiocarbon datings (AMS **C), using mono-species samples (~10 mg)
of the planktonic foraminifera Neogloboquadrina pachyderma (either dex-
tral or sinistral) from the fraction between 125 and 250 pum at specific
sampling depths in piston core MDO01-2450, were performed at the Leibniz
Laboratory for Age determinations and Isotope Research at IFM-
GEOMAR (Nadeau et al., 1997). The data were corrected for *C and cali-
brated to kilo-years before present (ka BP) using the software Calib 4.3
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(Stuiver and Reimer 1993). Radiocarbon datings were used in this chapter
to test the hypothetic palaesoclimatological models based on the geochemi-
cal and geophysical measurements.

Well-selected coral species from the top of the gravity cores MDO1-
2451G and MD01-2459G were sampled for U/Th dating. “*Th/U datings
were measured in the Laboratoire des Sciences du Climat et de I'Environ-
nement (LSCE) in Gif-sur-Yvette with a thermal ionization mass spec-
trometer Finnigan MAT262. Some of these measurements are discussed by
Frank et al. (2005), but a new series of measurements has shed a new light
on these first results (Frank pers. com.) and will be presented in this chap-
ter.

Additional foraminiferal and coccolith assemblage studies were per-
formed on core MDO01-2452 (Thierens 2005), but will not be extensively
discussed in this chapter.

6.2 Off-mound records

The off-mound cores are studied in order to provide a tentative palaeocli-
matic framework. A first palaeoclimatic framework and palaeocean-
ographic interpretation for the top record of the off-mound sediments in
the Belgica Mound Province (MD99-2327) was already proposed and dis-
cussed by Van Rooij et al. (2007a). Taking into account these observations
and observations in Late Cenozoic records of the NE Atlantic Ocean,
Foubert et al. (2007) proposed an identification key for the off-mound re-
cords in the Porcupine Seabight to interpret geophysical and geochemical
properties in terms of palaeoclimatological changes. Glacial-interglacial
variations can be seen in the background variations of the magnetic sus-
ceptibility signals (Grousset et al. 1993; Robinson et al. 1995). Changes in
magnetic susceptibility are due to changes in the concentration and the
composition (grain size and/or mineralogy) of the present magnetic miner-
als (see Chap. 5). These variations in Late Cenozoic sediments of the NE
Atlantic Ocean can be driven by changes in carbonate productivity and
amount of ice rafted debris (IRD) driven by oceanographic changes trig-
gered by climatic changes. Warmer periods have a lower susceptibility
background signal, colder periods a higher. The individual maxima, with
more than an order of magnitude difference compared to the background
signals, can be explained by high-frequent ice rafting events (IRE) charac-
terized by the deposition of sandy, magnetite-rich IRD (Robinson et al.
1995; Thouveny et al. 1994, 2000; Richter et al. 2001). Gamma density
and P-wave velocity reflect changes in the lithology and porosity, which
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could be interpreted in terms of changing oceanographic and palaeocli-
matic conditions. Interglacial periods within the PSB seem to be character-
ized by coarser material due to enhanced currents (Van Rooij et al. 2003;
2007a, 2007b), whereas glacial periods are characterized by the deposition
of finer material witnessing of quieter deposition environments. Individual
IRE corresponds to maxima in gamma density and P-wave velocity due to
the abrupt increase of coarser material (IRD). However, the gamma den-
sity should be interpreted with caution because a slightly increase in the
density by going downwards can be explained by compaction. Cortijo et
al. (1995) have shown that the reflectance can be an estimation of the car-
bonate productivity and so reflection of changing oceanographic condi-
tions due to glacial-interglacial variations. Changes in carbonate productiv-
ity are also reflected in the Ca count rates, while the Fe count rates can be
used as a proxy for the amount of terrigenous material (see also Chap. 4).

Palaeoclimatological and palaeoceanographic models based on geo-
physical and geochemical properties only have to be interpreted with great
caution as other factors (diagenesis,...) can overprint the original records
(see Chap. 4). However, correlating the interpreted units with the isotopic
curves and absolute datings (Jurkiw et al. in prep.; Kozachenko 2005),
confirmed the proposed palaeoclimatic frameworks and the potential use
of geophysical and geochemical properties to interpret palaeoenvironmen-
tal changes.

6.2.1 MD01-2450: SW flank of Challenger Mound

The off-mound core MDO01-2450 can be divided in four units and six dis-
tinctive layers based on a comparison of the lithology with the measured
geophysical and geochemical parameters (Fig. 6.5). A detailed description
of the four units, respectively from the top to the base of the core, will be
given in the next paragraphs to establish a palaesoclimatic framework.

Fig. 6.5 Interpretation of core MDO01-2450 based on magnetic susceptibility (107
S1), gamma density (g/cm?®), P-wave velocity (m/s), reflectance (L*), Fe and Ca
intensities (counts/s) and correlation with radiocarbon datings (AMS **C) (Jurkiw
et al. in prep.), 5'0 (%o PDB) records (Jurkiw et al. in prep.) and IRD measure-
ments (percentage >150 um) (Kozachenko 2005). A tentative correlation with Ma-
rine Isotopic Stages (MIS) according to Martinson et al. (1987) is proposed. Grey
boxes correspond with possible ice rafting events (IRE). Yellow box corresponds
to turbidite.
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Unit A (0-210 cm)

The upper part of the core (0 to 210 cm) consists of homogeneous struc-
tureless olive gray silty clays with common to abundant nannofossils and a
few sulphide specks. The susceptibility increases slightly from the base to
the top of the core, while the gamma density decreases towards the top.
The decrease in gamma density can be explained by a combination of the
loosely packed uppermost sediments and a lack of sandy material, which is
normally expected at the present-day sea-floor (Foubert et al. 2005a; see
also Chap. 7). The P-wave velocity values are not trustable in unit A due to
a bad contact of the P-wave transducers with the cores during data acquisi-
tion. Ca count rates are decreasing towards the top of the unit, while Fe
count rates are increasing. The lack of typical Holocene foraminiferal-rich
sands in this unit, the dominant presence of fine silty clays and the ten-
dency for higher susceptibilities, higher Fe count rates and lower Ca count
rates compared to the subsequent units, form evidences that the sediments
from unit A are witnessing a colder period. The maxima in gamma density
and susceptibility around 50 cm can indicate the presence of IRD, and so
probably the imprint of an IRE. A second maxima in gamma density is ob-
served around 175 cm, followed by a relatively small peak in susceptibility
around 195 cm. The combined interpretation of both parameters suggests
the presence of a second IRE between 170 and 200 cm. This second
maximum is also observed in the Ca count rates, suggesting that the pre-
sent IRD consists of a Ca-rich fraction. No corresponding peak is observed
in the Fe count rates.

Unit B (210-540 cm)

Generally, this part of the core consists of olive grayish bioturbated silty
clays with common to abundant nannofossils and few sulphide specks.
Fine to medium sandy intercalations and a few centimetre-scale silt layers
are present in between the silty clays. The gamma density and P-wave ve-
locity present higher and more fluctuated values in unit B due to the pock-
ets and intercalations of sand- and silt-sized material. Also Ca and Fe in-
tensities are fluctuating more than in unit A. The more, Ca count rates
seem to be a bit higher than in unit A, while Fe count rates seem to be a bit
lower. The higher abundance of coarser material and the higher Ca count
rates (and lower Fe count rates) can correspond to a slightly warmer pe-
riod, taking into account the interpretations of Van Rooij et al. (2003,
2007a).

All geophysical parameters (magnetic susceptibility, gamma density, P-
wave velocity and reflectance) correspond with maxima at depths around
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300 and 485 c¢cm which can be explained by the presence of IRD (visual-
ized at 485 cm core depth by the presence of medium-sized dropstones)
deposited during IRE. The second IRE in this unit features again a slightly
offset in the density and P-wave velocity maxima (at 480 cm depth) from
the maximum in magnetic susceptibility (at 490 cm depth). Remarkable is
that the Ca count rates are also increasing in the same depth intervals,
while Fe count rates are decreasing. However, as the offset observed in the
density and P-wave velocity maxima, an offset can also be observed be-
tween a Ca peak at 480 cm (corresponding with the maximum in P-wave
velocity) followed by a minor Fe peak at 490 cm (corresponding with the
maximum in susceptibility). A similar Ca peak, followed by a minor Fe
peak is observed for the maximum around 300 cm.

An important change in lithology can be observed between 510 and 540
cm core depth. Visual observations suggest a coarsening downwards trend
from 510 cm on to a gravely sand layer with an erosional basal contact at
535 cm. At the same depth a distinctive peak is registered in the suscepti-
bility, gamma density and P-wave velocity, while the reflectance corre-
sponds with a minimum. Previous observations suggest the record of a
mass event such as a turbidite. The presence of dropstones in the same in-
terval suggests that probably a combination of an ice rafting event with a
turbiditic event contributes towards the creation of the remarkable sedi-
mentary record at these depths. In this interval, a Ca maximum is followed
by a Fe maximum. It can be assumed that the Ca maximum correspond
with the IRD material, while the Fe maximum corresponds with the turbid-
itic material.

Unit C (540-1080 cm)

Unit C (540-1080 cm) is build up of silty clayey material, similar as in
unit A, but typified by a high concentration of sulphide specks and sul-
phide concentrations turning into clear frequent semi-parallel sulphide-
laminations (FeS) between 750 and 1050 cm. Each layer is approximately
1-2 cm in thickness and occurs with an average spacing of 1-2 cm. The
higher and more irregular susceptibility signals within this unit can be ex-
plained by the high concentration of iron sulphide concretions and lamina-
tions (Thompson and Oldfield 1986; Maher and Thompson 1999; Roberts
1995). Sulphate reduction, in this case probably due to the mineralization
of organic material, can lead to a pronounced overprinting or modification
of the primary sediment composition by dissolution of minerals and pre-
cipitation of authigenic minerals (Berner 1970, 1984). Magnetic iron ox-
ides (e.g. magnetite) dissolve under sulfate- and iron-reducing conditions
and/or subsequent precipitation of authigenic minerals at different sedi-
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ment levels may alter the magnetic signals and seriously influence the in-
terpretation of the sedimentary magnetic record (Karlin and Levi, 1983,
1985). The black colour of the laminations is expressed in the lower and ir-
regular values of the reflectance at the corresponding depth intervals. The
general background signals of the gamma density and P-wave velocity are
lower than in unit B. Fe count rates are generally higher, while Ca intensi-
ties are generally lower than in unit B. Combined with the silty clayey
lithology as in unit A and a general higher background value of the mag-
netic susceptibility, this suggest the presence of a cold period.

Around respectively 640, 780 and 900 cm parallel peaks in magnetic
susceptibility, P-wave velocity and gamma density are observed, which
can be explained by the presence of IRD, deposited during IRE. No corre-
lating maxima in the Ca records are recognized, but small correlating
peaks in the Fe intensities have been observed.

Unit D (1080-1180 cm)

From 1080 to 1180 cm (unit D), core MD01-2450 is composed of poorly
sorted dark greyish silt with an intercalation of foram-rich fine sandy mate-
rial between 1095 and 1130 cm comparable to the material as observed in
box core samples and video-imagery from the present-day sea-floor
(Foubert et al. 2005a). The magnetic susceptibility is low at the base of
the core and slightly increases by going upwards. The gamma density and
P-wave velocity are high compared to the previous described units. Ca
count rates increases, while Fe intensities decreases. The similarities in
lithology with the present-day situation (Holocene) as well as the rather
low susceptibilities and high Ca count rates suggest the start of an intergla-
cial period or the last culmination of a warm period before the onset of a
colder period in unit C.

6.2.2 MD01-2452: Magellan Mound Province

Core MD01-2452 shows clear variations in the background signals of the
geophysical parameters, which suggest a tentative correlation with climatic
changes (Fig. 6.6). Four units can be distinguished and different IRE,
analogous to these observed in core MD01-2450.

Unit A (0-120 cm)

Unit A (0-120 cm) consists of fine grayish brown sand to dark grayish
brown silty clay with pockets of fine sand. The top of the unit (0-20 cm) is
characterized by pure foraminifera-rich sand, characteristic for the sedi-
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ments found at the present-day sea-floor in the Magellan Mound Province
(Huvenne et al. 2005) and thus can be interpreted as pure Holocene sand.
The presence of more sandy material in the uppermost unit bears witness
of a warmer period. The small maximum in susceptibility, gamma density
and P-wave velocity at 78 cm core depth can indicate the presence of IRD
in this uppermost part of the core, probably due to a last cold melt-water
induced change in the ocean-atmosphere circulation during the early
stages of deglaciation towards the warmer Holocene. This event is known
as the Younger Dryas (YD) cooling.

Fig. 6.6 Interpretation of core MDO01-2452 based on magnetic susceptibility (107
Sl), gamma density (g/cm®), P-wave velocity (m/s) and reflectance (L*). Grey
boxes correspond with IRE. A tentative correlation with Marine Isotopic Stages
(MIS) according to Martinson et al. (1987) is proposed.
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Unit B (120-1030 cm)

Unit B is composed of dark grayish brown silty clays with rare to abundant
nannofossils. Few faint sulphide streaks can be observed throughout the
bioturbated clays. The presence of silty clays combined with higher values
of the susceptibility and lower values for reflectance in unit B compared to
unit A can be explained by the presence of a record of sediments deposited
during a colder period (the last glacial period). Between 540 and 878 cm
slightly higher gamma densities (due to the presence of centimetre-scale
layers of fine to medium sand from 812 to 870 cm) and a higher reflec-
tance (higher carbonate content) witnesses of a warmer period within this
glacial. The individual maxima (respectively around 210, 480, 600, 700,
800, and 900 cm core depth) superimposed on the background signal of the
susceptibility, gamma density and P-wave velocity are the consequence of
the presence of IRD, deposited during IRE. Most of these maxima show a
multiple character (Fig. 6.6). Maxima in susceptibility and gamma density
are preceded and/or followed by a smaller peak. Moreover, a small offset
in the maximal susceptibility peak and the maximum in gamma density
can be observed (e.g. IRE around 900 cm with a maximum in gamma den-
sity at 895 cm core depth and a maximum in susceptibility at 905 cm core
depth). Such a multiple character and offset was also characteristic but less
pronounced for the observed IRE in core MD01-2450.

Unit C (1030-1450 cm)

From 1030 to 1140 cm unit C presents light brownish gray fine to medium
sized sands gradually going over between 1140 and 1450 cm in dark gray-
ish brown bioturbated clays with faint sulphide streaks. The abrupt de-
crease in magnetic susceptibility and increase in reflectance are probably
due to the increase in carbonate content triggered by the culmination of a
warm period between 1030 and 1140 cm.

Unit D (1450-1843 cm)

Unit D (1450-1843 cm) is characterized by the typical dark grayish brown
silty bioturbated clays with few faint sulphide streaks. Between 1600 and
1800 cm mm-scale silty laminae are recognized within the silty clay going
over in clayey silt with scattered pockets of coarse silt at the bottom of the
core. This unit is characterized by higher susceptibility values and lower
density, P-wave velocity and reflectance values compared to unit C, evi-
dencing of a colder period.
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6.3 On-mound records

The main information about the on-mound cores was interpreted from a
combination of the physical and the geochemical properties data, and the
X-ray imagery. For the on-mound core MD01-2451G, additional informa-
tion was provided by X-ray CT-scanning. X-ray imagery allowed the iden-
tification of dead cold-water coral fragments and an estimation of the den-
sity of these fragments throughout the core sections before they were
opened.

Fig. 6.7 Four different "radiofacies", based on the coral content (X-ray imagery);
darker values represent denser material: (A) facies with no corals but only sedi-
ment, (B) a combined facies consisting of small coral and bioclastic fragments
(debris) embedded in a matrix of silty sediments, (C) facies with large coral
chunks filled up by sediments (sediment filled coral framework), (D) facies with
altered and dissolved coral fragments.

Different "radiofacies” were observed, distinguished by the coral con-
tent (Fig. 6.7): a facies with no corals but only sediment (Fig. 6.7A), a
combined facies consisting of small coral and bioclastic fragments (debris)
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embedded in a matrix of silty sediments (Fig. 6.7B) and a facies with large
coral chunks filled up by sediments (sediment filled coral framework) (Fig.
6.7C). In both last defined facies the coral skeletons are darker than the
surrounding sediments, which mean that the coral chunks are denser than
the sediments. A fourth facies is identified that seems to be on first sight
homogenous (Fig. 6.7D). A closer look learns that this facies is character-
ized by coral fragments figured on the X-ray images with a lighter colour
than the surrounding sediments. So, the corals seem to be less dense than
the surrounding sediment. This facies is interpreted as an altered coral-rich
facies whereby corals are completely dissolved leaving skeleton footprints
and carbonate-rich sediments behind.

The interpretation of the X-ray images from both studied on-mound
cores are schematized on Figs. 6.8 and 6.9. Magnetic susceptibility,
gamma density and chemical element intensities can be correlated with the
information extracted from the X-ray images. Presented below is an over-
view and description of the alternating coral-rich, coral-poor and sediment-
rich units and layers as observed on the X-ray imagery and their correla-
tion with the geophysical and geochemical properties for respectively core
MDO01-2451G (top of Challenger Mound) and core MD01-2459G (top of
Mound Perseverance).

6.3.1 MD01-2451G: top of Challenger Mound

Based on the geophysical properties, geochemical properties (Ca, Fe and
Sr intensities) and the X-ray imagery, generally two distinctive units can
be recognized in core MD01-2451G (Fig. 6.8).

Fig. 6.8 Magnetic susceptibility (10° SI), density (g/cm®), Fe, Ca and Sr count
rates (counts/s), X-ray log and image stack for core MD01-2451G in function of
depth (m). Insets display detailed features of dropstones (indicated with arrows)
and fine laminated sediments going abrupt over in the coral-rich unit B. Grey
boxes represent possible ice rafting events (IRE). U/Th datings are noted (Frank.
pers. com.).
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Unit A (0-400 cm)

The upper 400 cm of core MDO01-2451G is characterized by a high-
frequent alternation of three distinctive coral-rich layers and three layers
with homogeneous to bioturbated or laminated sediments (Fig. 6.8). The
top of the core (0-40 cm) is composed of small coral rubble debris and
broken bioclastic fragments, corresponding with a declining susceptibility
pattern towards the top. High Ca and Sr intensities evidence the presence
of coral fragments embedded in a Ca-rich matrix.

Between 40 and 219 cm bioturbated sediments are present with some
apparent dropstones from 60 to 70 cm (Fig. 6.8). The whole layer corre-
sponds to elevated magnetic susceptibility values and Fe intensities. Sr
count rates drop towards really low values, evidencing the lack of arago-
nite-rich material as cold-water coral fragments. The dropstone interval
(60-70 cm) can be correlated with a remarkably peak in magnetic suscep-
tibility and gamma density at the same depth level, suggesting an ice rafted
origin. A correlating small peak is also recognized in the Ca count rates,
suggesting the presence of Ca-rich IRD. The transition from this layer to
the uppermost zone rich in small coral rubble fragments is rather gradual.
In contrary a sharp boundary is noticed between the first sediment layer
and the second layer, from 219 to 270 cm, composed of coral rubble and
fragmented bioclastic material. A plateau-shaped minimum in the mag-
netic susceptibility record and the Fe intensities is recognized at the same
depth interval, while the Ca and Sr count rates show elevated values.

From 270 to 323 cm the core is again composed of highly bioturbated
sediments, correlating with high magnetic susceptibilities and high Fe
count rates. As observed in the first sedimentary layer, the transition to the
coral-rich layer above is gradual, while the boundary with the next coral-
rich layer below is sharp. The third layer composed of coral rubble debris
and small bioclastic fragments interfering with sediment occur from 323 to
375 cm. A decrease in magnetic susceptibility is noted and an increase in
Ca and Sr count rates. However, a small peak in susceptibility and gamma
density is observed from 350 to 356 cm and can be correlated with the
presence of a big dropstone observed on the X-ray imagery. This drop-
stone-layer corresponds to higher Fe count rates and lower Ca count rates,
suggesting that the dropstone is Fe-rich. The observed dropstone represent
partly the transition zone to a finely laminated sediment layer from 375 cm
until the sharp base of unit A (400 cm) and can form the fingerprints of an
IRE (Fig. 6.8). The third sediment layer can be observed at the same depth
levels in the geophysical parameters by elevated magnetic susceptibilities
and in the geochemical records by increasing Fe intensities and decreasing
Ca and Sr count rates.
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So three cycles from the bottom to the top can be recognized in unit A;
one cycle consisting of bioturbated or laminated sediments going gradually
over in a coral-rich layer and characterized at the top by a sharp contact
which corresponds with the onset of the next cycle (Fig. 6.8).

Fig. 6.9 Medical X-ray CT scan images visualizing the cold-water coral fragments
of core MD01-2451G in a three-dimensional environment. A-C Cold-water coral
fragments in unit A of the coral species Madrepora oculata. D-G Cold-water coral
fragments in unit B of the coral species Lophelia pertusa. H-1 Cold-water coral
fragments in unit B of the species Madrepora oculata, Lophelia pertusa and Des-

mophyllum cristagalli.
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Medical X-ray CT-scanning visualized the rather small cold-water coral
fragments in the coral-rich layers in a three-dimensional environment,
showing the branching pattern of the cold-water coral fragments (Fig.
6.9A-C). A detailed study of the big cold-water coral fragments in a three-
dimensional environment and a comparison of the three-dimensional im-
ages with sampled coral chunks allowed identification of these fragments,
showing that the uppermost coral-rich layers are dominantly built up by
the cold-water coral species Madrepora oculata, while the species Lophe-
lia pertusa seem to be rare to absent.

Unit B (400-1280 cm)

The lower part of the core (400-1280 cm) is nearly completely composed
of a sediment filled coral framework with a high concentration of large
coral chunks changing in density throughout the unit. The shape and size
of the imaged fragments in the X-ray CT scans allowed identification of
the coral species (Fig. 6.8), showing that the dominant coral species is rep-
resented by Lophelia pertusa (Fig. 6.9D-G) with some minor occurrences
of Madrepora oculata (Fig. 6.9H-1). This is in contrast with the uppermost
intervals were the dominant cold-water coral species is Madrepora ocu-
lata. Extremely low values for the magnetic susceptibility are recorded in
this coral-rich part of the core. The gamma density is more continue com-
pared to unit A. Fe count rates decrease to really low values, while Ca
count rates and Sr count rates are extremely high, evidencing the presence
of cold-water coral fragments and Ca-rich background sediments. From
900 cm onwards, the gamma density increases to slightly higher values,
with maxima around 1025 cm to decrease again until 1150 cm. A detailed
look to the imaged coral fragments learns that in this small interval the
walls of the coral fragments are thinner. So, dissolution of the fragments
can be responsible for the observed higher gamma density, generating
denser carbonate-rich background sediments and leaving soft and dis-
solved coral fragments behind. Slightly lower Sr count rates in the same
depth interval confirm the dissolution of cold-water coral fragments, while
slightly elevated Ca intensities can evidence the generation of a matrix en-
riched in Ca. In the same interval the magnetic susceptibilities, still reach-
ing values up to 3 SI above 900 cm, fall completely back to 0 SI and even
negative values are recorded. This can be explained by the presence of a
higher amount of diamagnetic carbonate-rich minerals in the background
sediments.

Below 1150 cm, Fe count rates and magnetic susceptibilities have the
tendency to increase again, while Ca count rates and Sr count rates seem to
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decrease, suggesting the transition towards a unit characterized by less
coral fragments.

6.3.2 MD01-2459G: top of Mound Perseverance

The combination of physical properties, geochemical properties and X-ray
imagery allowed the identification of two units in core MD01-2459G (Fig.
6.10).

Unit A (0-535 cm)

The uppermost part of the core, up to 535 cm is full of big coral chunks
(mainly fragments of the species Lophelia pertusa) in alternating quantities
(Fig. 6.10). The variable gamma densities can be explained by the chang-
ing coral quantities throughout this unit. The magnetic susceptibilities are
rather low with values averaging around 5 Sl but higher than the unit be-
low. Fe count rates are rather high compared to the unit below, but not that
high as noted in the uppermost coral-free intervals in Challenger Mound.
Ca and Sr intensities are high but lower than the unit below. The highly
variable scatter in the Sr intensities can be explained by the presence of
good-preserved cold-water coral fragments in Ca-poor background sedi-
ments.

Unit B (535-1079 cm)

In the lowermost part of the core (535-1079 cm) corals cannot be clearly
recognized on the X-ray images, except for a small interval between 985
and 1050 cm characterized by small coral fragments. The X-ray images in
this unit show a typical coral-altered facies. The magnetic susceptibility
records extremely low values which can be explained by the presence of
carbonate-rich sediments characterized by the presence of diamagnetic
carbonate-minerals resulting in extremely low susceptibility values (at cer-
tain depths even turning into negative values). Gamma density changes are
less pronounced in this lower part of the core, probably due to the creation
of a more homogeneous facies rich in carbonate. Fe intensities decrease to
low values, while Ca and Sr intensities increase. The increase in Sr count
rates is not that pronounced as the increase in Ca intensities and the de-
crease in Fe intensities. The more, the scatter in Sr count rates is not as
pronounced as in unit A, suggesting that the difference in chemical ele-
ment intensities between the cold-water coral fragments and the matrix is
not as pronounced as in unit A (where the background sediments are Fe-
rich). Remarkable is the very high density from 535 to 600 cm correspond-
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ing with extremely high X-ray intensities, Fe count rates averaging around
0 counts/s and high Ca and Sr intensities. This interval corresponds with a
lithified layer, which can be interpreted as a possible hardground or a
diagenetic layer.

6.4 Discussion

6.4.1 Off-mound records and palaeoenvironmental changes

Based on the known correlation of the geophysical parameters with the
isotopic record and AMS C** dates of a 26 m long piston core (MD99-
2327) localized in the drift sediments upslope of Challenger Mound, the
different units recognized in the off-mound cores can be tentatively corre-
lated with the marine isotopic stages (MIS) defined by Martinson et al.
(1987) and recognized as such on core MD99-2327 by Van Rooij et al.
(2007). Oxygen isotopic measurements performed on both benthic (mainly
Cibicides kullenbergi) and planktonic foraminifera (N. pachyderma s.) and
accelerator mass spectrometry (AMS) C' dates (Jurkiw et al. in prep.)
confirm the proposed tentative palaeoclimatic framework of core MDO1-
2450 and so the potential of geophysical parameters to facilitate palaeoen-
vironmental interpretations in the studied area.

Unit A recognized as such in core MD01-2450 and evidencing of a
colder period can be linked to MIS 2, while Unit B showing characteristics
in the geophysical properties and the geochemical records of a warmer pe-
riod, can be correlated with the interstadial MIS 3 (Fig. 6.5). So, the whole
upper part of the core evidences of the middle and the end of the last gla-
cial period, whereby MIS 2 corresponds with the last glacial maximum.
The lack of typical foraminifera-rich sands at the top suggests that the core
does not contain typical Holocene sediments. This can be due to the piston
coring method were the upper sandy sediments are blown away during
sampling (Skinner and McCave 2003). Alternatively, the location of the
core site in an area with active hydrodynamics may also suggest that most
of the Holocene sediments could have been eroded in the recent past by
vigorous bottom currents. Nowadays, the presence of enhanced currents in
the Belgica Mound Province is highly dependant on the interaction of
ENAW and MOW responsible for the creation of internal tides and waves
(White 2001, 2007; see Chap 2).
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Fig. 6.10 Magnetic susceptibility (10° SI), density (g/cm®), Fe, Ca and Sr count
rates (counts/s), X-ray log and image stack for core MD01-2451G in function of
depth (m). U/Th datings are noted (Frank. pers. com.).
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The input of Mediterranean Outflow Water (MOW) may have played a
very important role in earlier interglacial or warmer periods too (Schonfeld
and Zahn 2000; Van Rooij et al. 2007a). The warmer MIS 3 (~ unit B) is
characterized by the presence of a turbiditic sequence and the local pres-
ence of coarser parts in the core, evidencing of a very dynamic and unsta-
ble deposition environment during this time.

The lower part of the core, described as unit D, was characterized by the
intercalation of sandy foram-rich material, typical found at the sea-floor
during recent times and so witnessing of a warmer period similar to the
present-day situation. Schonfeld and Zahn (2000) showed that the outflow
of MOW was restricted to the Gulf of Cadiz during glacial times and did
not penetrate further in the Atlantic Ocean, so the conditions for enhanced
currents could not be reached, resulting in the deposition of more continu-
ous records of finer material. The high energy associated with the deposi-
tion of a turbidite, as observed in MIS 3, can result in destruction of earlier
deposited layers by subsequent turbidity currents creating a sharp erosional
contact. It is not known how much material is removed during the ob-
served turbiditic event but radiocarbon datings suggest that the material
below the erosional boundary has to be older than 45 ka BP (Jurkiw et al.

in prep.).

The geophysical records of core MDO01-2452 carry significant indica-
tions of glacial-interglacial variations (Fig. 6.6). The upper part of the core
(unit A) is interpreted as pure Holocene sand and can be correlated with
MIS 1. The observations of imprints characterizing a colder period in unit
B, can be linked with the last glacial period before the onset of the present
Holocene, and so with MIS 2, 3 and 4 (Fig. 6.7). Unit C is characterized by
the intercalation of a sandy layer but most of the unit is composed of silty
clays. However, the records of the reflectance and magnetic susceptibility
evidence of a warmer period which can be correlated with MIS 5. The last
unit D, witnessing of colder records can be again linked with a glacial pe-
riod, i.e. MIS 6. This last unit corresponds with the upper part of the seis-
mic facies that buried most of the Magellan Mounds. So, it is assumed that
most of these mounds are buried during the glacial period corresponding
with MIS 6. Recent research (Huvenne et al. 2002, 2003, 2007) shows that
the Magellan Mound Province bears witness of a hydrodynamically more
stable environment than the Belgica Mound Province. It has to be men-
tioned that indeed no distinctive turbiditic sequences are recognized in the
core record. Here, the climatic variations are not disturbed by mass wast-
ing processes from the shelf and the impact of bottom currents is not that
intense as in the Belgica Mound Province. The impact of MOW in the
northern part of the basin is less vigour than on the eastern margin of PSB.
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The proposed tentative palaeoclimatic framework is confirmed by bio-
stratigraphic research on coccoliths (Thierens 2005).

In both cores clear IRE are recognized in the last glacial period. Fre-
guent ice rafting episodes are well known in the north-east Atlantic Ocean,
called Heinrich events (HE) (Broecker et al. 1992). Heinrich layers were
deposited when melting icebergs unloaded their debris en masse in the
North Atlantic Ocean. The icebergs were released at the culmination of
Dansgaard—Oeschger events, within the last glacial period (Bond et al.
1992). In the north-east Atlantic Ocean, in between 45°and 53°N (= Rud-
diman belt (Ruddiman 1977)), these Heinrich layers are associated with a
strong magnetic susceptibility signal, due to a higher fraction of IRD con-
taining multidomain, ferrimagnetic material (magnetite) and a smaller
amount of detrital carbonate and quartz (Grousset et al. 1993; Robinson et
al. 1995). However, the maxima in magnetic susceptibility values, correlat-
ing with the different IRE were not that pronounced in core MD01-2450 as
in core MDO01-2452. The more, the upper IRE in core MD01-2450 are as-
sociated with small maxima in Ca count rates. Core MD99-2327, located
more upslope, also illustrates several IRE, characterized by a low magnetic
susceptibility and associated with higher Ca count rates (Van Rooij et al.
2007a; Richter et al. 2001). Probably the mass wasting processes from the
shelf and bottom currents have a great impact on the sedimentation in this
part of the basin and could blur the impact of IRE. Another important fac-
tor is the origin of the IRD deposited during these IRE. Broecker et al.
(1992) mentioned that the IRD, deposited during the HE in the north—east
Atlantic Ocean, was mainly derived from the Precambrian gneisses of the
Canadian shield with the Laurentide and Greenland ice sheets as the sole
source of these events. Glacigenic detritus from these sources often con-
tains primary, unaltered ferrimagnetic (magnetite) minerals (Thompson
and Oldfield 1986). However, more recent work has provided evidence
that European ice-sheets also contribute to the story (Snoeckx et al. 1999;
Grousset et al. 2000, 2001). Moreover, the described IRE in Porcupine
Seabight are influenced by the proximity of the British-Irish ice-sheets
(BI1S) (Van Rooij et al. 2007a). Ice rafted material derived from the Euro-
pean continental margin contains detrital Campanian Upper Chalk, derived
from bedrock sources eroded on the Celtic shelf by the BIIS (Scourse et al.
2000) and can thus be responsible for the less pronounced signals in the
magnetic susceptibility and the small peaks in Ca count rates.

The pattern described from cores MD99-2327 (Van Rooij et al. 2006),
MDO01-2450 and MDO01-2452 suggests a NW-ward increasing magnetic
susceptibility, indicating the products of the Laurentide icebergs were los-
ing intensity towards the Irish mainland or BIIS IRD diluted them. Re-
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markable is the observation of the multiple character of the IRE in both
cores. Recent isotopic research revealed that Heinrich events could be
characterized by three-step internal structures (Grousset et al. 2000, 2001;
Snoeckx et al. 1999). During the first step, IRD derived from the European
ice-sheets are released into the North Atlantic Ocean, displaying a so-
called "precursor event". A second step, which may occur 1.0-1.5 ka after
the start of the precursor event, is represented by a major input of Lauren-
tide derived IRD. Finally during a last step, IRD from the European ice-
sheets are accumulated. Scourse et al. (2000) observed the same for
Heinrich Layer 2 in two cores on the European Goban Spur—Porcupine
continental margin, with a first deposition of chalk grains, derived from the
BIIS and followed by the deposition of both British and Canadian derived
IRD. Scourse et al. (2000) explains this by a more rapid response of the
smaller British ice-sheet on the external climatic forcing of Heinrich
events. Only the real Laurentide events, and not the precursor events which
contains more chalk-rich material, contains ferrimagnetic-rich IRD and are
thus clearly visible in the susceptibility. This can explain the offset be-
tween peaks in the records of magnetic susceptibility, gamma density and
chemical element intensities and the occurrence of a smaller peak in sus-
ceptibility before the actual maximum, whereby the first peak represents
IRD from the BIIS, whereas the second peak in susceptibility corresponds
with Canadian derived IRD. So, it can be concluded that the BIIS variabil-
ity had an important influence on the off-mound records during glacial
times. In this view, the turbiditic sequence in core MD01-2450 can be also
interpreted as a product of a pre-Last Glacial Maximum (LGM) deglacia-
tion about 25-37 ka, which was observed by Bowen et al. (2002) and
which can be responsible for a destabilization of the BIIS and subsequent
small mass wasting processes.

6.4.2 On-mound records: revealing episodes of coral growth?

The first aim of the X-ray imagery was to describe the content of the coral
cores, realized by the observation and interpretation of four different radio-
facies (Fig. 6.7). A comparison of the X-ray logs with the geophysical and
geochemical properties revealed a coherent correlation and made it possi-
ble to distinguish the units described in Sect. 6.3. Correlating the described
units with U/Th datings on coral fragments (Frank et al. 2005, pers. com.)
helps in defining a palaeoclimatic framework for the studied cores and
postulating some mechanisms of recent mound growth in respectively the
Belgica Mound Province and the Magellan Mound Province.
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U/Th datings on cold-water coral fragments at the top (0 cm) of core
MD01-2451G on Mound Challenger yielded an age of 2.08 ka calibrated
BP (Frank pers. com). At 6 cm, 27 cm and 31 cm U/Th datings on cold-
water coral fragments revealed calibrated ages of respectively 2.95 ka BP,
5.87 BP and 6.37 to 6.42 BP (Frank pers. com). So, the uppermost layer of
unit A can be interpreted as pure Holocene. The date for the top of the core
suggests that the uppermost layer of Mound Challenger is apparently miss-
ing, which can be explained by strong bottom currents eroding the upper-
most sediments or preventing sediment deposition. Video surveying with
the ROV Victor on board of R/V Polarstern in 2003 shows that the entire
coral assemblage over Challenger Mound is composed of dead coral rub-
ble (Foubert et al. 2005a; see Chap. 7). So, Challenger Mound can be in-
terpreted as a dead mound with no active coral growth during present
times. It can be assumed that coral growth entirely stopped around 2000
years ago. The second coral layer revealed ages of about ~80.00 ka BP at
223 cm and ~108.50 ka BP at 248 cm. It can be assumed that the cold-
water coral fragments in this second coral-rich layer are belonging to MIS
5, an interglacial period. U/Th dating on a cold-water coral fragment at the
top of the third layer (326 cm) yielded an age of 182 ka, suggesting these
corals are formed during the interstadial 6.5. The presence of a dropstone
layer at the base of this coral-rich layer (350-356 cm), bears witness of an
IRE suggesting the presence of glacial sediments in the unit below. The
presence of dropstones (60-70 cm) in the sediment-rich layers between the
first and the second coral-rich layer, evidence also the presence of IRD de-
posited during IRE. Such IRD is typical for sediments deposited in a gla-
cial period. It can be assumed that the first sediment-rich and coral-free
layer is correlating with the last glacial period corresponding with MIS 2, 3
and 4. The last glacial period within this region is known as one with high
sedimentation rates and multiple IRE, as observed in core MD01-2450 and
confirmed by Van Rooij et al. (2007a). It can be concluded that during the
recent past, coral growth was restricted to interglacial and interstadial peri-
ods, while Fe-rich sedimentation prevailed during glacial times. The transi-
tions from the interglacial (or interstadial) coral-rich layers towards the
glacial coral-free sediments are rather abrupt. It has been proven in the off-
mound cores that during interglacial times enhanced bottom currents are
observed in the basin, provoking higher nutrient fluxes and lower sedimen-
tation rates, which might be the underlying reason why the corals in unit A
are restricted to interglacials.

U/Th dating learns that the coral fragments in unit B are older than 200
ka calibrated BP (Frank pers. com.). Extensive dissolution of coral frag-
ments made it difficult to obtain accurate U/Th datings. Some datings
completely failed which can be due to practical restrictions of the U/Th
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technique. The sharp erosive contact between unit A and unit B, learns that
some material could have been eroded, resulting in a hiatus and the pres-
ence of rather old cold-water coral fragments at the top of unit B. The fine
laminations observed in the sedimentary layer draped over the coral-rich
unit B can be connected to a high meltwater influx and/or a turbidite event.
It can be assumed that during the subsequent MIS 6 the sedimentation
rates were so high that the eroded cold-water corals at the top of unit B be-
came partly buried. However, the observation of three cycles in unit A
evidences that cold-water coral growth restarted during intercalated inter-
glacial and interstadial periods. From MIS 6 on, an interplay between
siliciclastic sedimentation and cold water coral growth took place whereby
in some periods sedimentation gained on coral- and mound growth, while
in the next stage cold-water coral growth took again the overhand. How-
ever no healthy recovery of cold-water coral growth could be reached
anymore. A shift in dominant coral species in the uppermost intervals can
form an evidence for the different environmental conditions of the upper-
most coral-rich layers, whereby corals had to deal with more stressing fac-
tors than in the period before. It appears that Madrepora oculata can sur-
vive in more stressed situations dealing with more sediment influx than the
species Lophelia pertusa. So, it appears that changing sediment fluxes are
an important factor controlling cold-water coral growth.

The upper level with a high amount of corals in core MD01-2459G on
Mound Perseverance shows ages of Lophelia corals ranging from 4.50 ka
BP at the core top to 9.78 ka BP at 4.5 m core depth, indicating a Holocene
growth episode for unit A. ROV video surveying showed that actively live
corals are only found at the topmost part of Mound Perseverance (Huvenne
et al. 2005). The slight offset of the localization of the core from the top of
the mound can explain the presence of older dead coral fragments at the
top of the core. This important mound growth in a relatively short time
span (85 cm/ka) shows that mound growth is accelerated when conditions
are favourable. Core MDO01-2452 learnt that most of the Magellan Mounds
were buried during glacial MIS 6. However, Mound Perseverance seems to
have survived this period of burial. No ages are available for unit B. The
top of this unit is characterized by the presence of a hardground or lithified
layer. Possible mechanisms for the creation of such a lithified layer are in
detail discussed in Chap. 4.

The extensive Holocene growth episode in Mound Perseverance, com-
pared to the small Holocene coral-rich layer in Mound Challenger, evi-
dence that even in the same basin, conditions positive for cold-water coral
growth and mound build-up can differ. The present-day situation in the
Magellan Mound Province gives evidence of a quieter environment than
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the Belgica Mound Province. It can be questioned if this quieter environ-
ment is responsible for the enhanced growth episode. This is in contradic-
tion with the situation provoked for Challenger Mound where corals in the
upper units are limited to interglacials and interstadials. This is explained
by the presence of higher currents, responsible for a higher nutrient flux
and a lower sedimentation rate, positive for coral-growth in stressed situa-
tions. However, the corals in the northern part of Porcupine Seabight are
not in such a high sediment-stressed situation as at the eastern margin,
which is much more influenced by BIIS fluctuations and mass wasting
processes. This shows that cold-water corals can even survive in quiet en-
vironments as long as they keep up with sedimentation. A positive interac-
tion between cold-water coral growth rates and sedimentation rates can re-
sult in really high mound growth rates.
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Summary

The study of both on-mound and off-mound cores by means of geophysi-
cal properties and X-ray imagery in respectively the Belgica and the Ma-
gellan Mound Province reveals some clear differences in the palaeoen-
vironmental setting of both provinces.

Core MDO01-2450 in the sediments at the SW flank of Challenger
Mound in the Belgica Mound Province bears evidence of a very dy-
namic environment, while core MD01-2452 above the buried Magellan
Mounds is evidencing less energetic palacoenvironments.

Significant glacial-interglacial variations have been identified in both
cores, whereby stronger bottom currents probably due to the influence of
MOW are responsible for the record of the characteristic coarser sedi-
ments deposited during interglacial periods.

Ice rafting events (IRE), some of them with a poly-phased character
probably due to a more rapid response of the British-Irish ice-sheets
(BIIS) on the external climatic forcing of Heinrich Events, could easily be
recognized during the last glacial period. The footprints of IRE are more
pronounced in the susceptibility records going NW-ward, indicating the
products of the Laurentide icebergs were losing intensity towards the Irish
mainland or BIIS IRD diluted them.

Geophysical and geochemical properties could clearly be correlated
with X-ray imagery for the on-mound cores. Alternating units of coral-
rich and coral-free sediments are observed, as well as layers with distinct
coral alteration. The core on Mound Challenger shows that this mound is
now in a stage of retirement (mound decline), whereby most of the cold-
water corals were buried during MIS 6. Some reinitiating phases of cold-
water coral growth during interglacials or interstadials occurred. The
Holocene record dominated by coral fragments in the core on Mound
Perseverance evidences a cold-water coral bloom during this period re-
sulting in a mound growth of 85 cm/ka.

Not only during present times but also in the past both provinces, the
Belgica Mound Province and the Magellan Mound Province show clear
differences in their hydrodynamical environment, an observation that
has an important impact on the interaction of sedimentation and mound
growth.




7 Surface processes

Still in recent past, benthic sampling techniques, using box corers, Van-
Veen grabs or dredges, were the most common tools for biologists and ge-
ologists to examine the surface processes occurring at the present-day sea-
floor and to ground-truth geophysical data sets (sidescan sonar, multi-
beam,...). In the last decade, the increasing Remotely Operated Vehicle
(ROV)-based exploration and visualization of deep-water environments
revealed a large number of new insights in this underwater world.

The first developments in underwater photography took place over a
century ago along the French Riviera during the 1890's by Louis Boutan
(Solan et al. 2003); his efforts were nothing astonishing given the slow
films and early lenses of his time (Vine 1975). Boutan also undertook the
first underwater night photography using flash powder for illumination.
While William Beebe took some of the first deep-sea photographs through
the porthole of his "Bathysphere" at a depth of 800 m, the first remotely
operated deep-sea camera was developed at Woods Hole in the late 1930's
by Maurice Ewing and his associates to study depositional processes in
deep-sea sediments (Ewing et al. 1946). However it was not until Harold
"Doc" Edgerton adapted his new strobe for underwater housings that both
shallow and deep underwater photography really took off in the 1940's
and 1950's, coupled with impetus from the U.S. Department of Defense for
wartime applications (Broad 1997). In the past decade, advances in opti-
cal imaging technology due to the current revolution in electronics, sens-
ing technology and signal processing have permitted improvements and
accomplishments that would have been considered impossible just one
generation ago (Jaffe et al., 2001). The first tethered Remotely Operated
Vehicle (ROV), named POODLE, was developed by Dimitri Rebikoff in
1953. The ROV's were in fact a reaction on the development of the Human
Occupied Vehicles (HOV's), called manned submersibles. The first opera-
tional manned submersibles, the French-Belgian "FNRS 111" (later on re-
named as "Archimede™) and the Italian "Trieste™ (later on bought by the
Americans) were active around the same period in 1953. The advantages
of ROV's compared to HOV's (the need for substantial dedicated support
vessels, limited bottom time rendering them economically ineffective and
the human risk underwater), led to a more rapid development and wide-
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spread use of the ROV's than the HOV's. The first ROV's were developed
for military applications. However the transition from military purposes
towards the industrial world (offshore oil and gas exploration) in the mid-
seventies was rather rapid. In the eighties and nineties ROV's made their
introduction in the scientific world. Nowadays, a lot of ROV's are used by
the scientific community and became a standard tool to study the ocean
floors in detail. The next step in underwater exploration will be the exten-
sive development of Autonomous Underwater Vehicles (AUV). For the
moment, AUV's are increasingly being used by the military, for science
and in the commercial world for survey work.

Such new ROV technologies are producing a large amount of visual
data, claiming for new analytical methods, both qualitative and quantita-
tive. In this chapter, an integrated method is presented for the study of
video data specially adapted to cold-water coral environments. ROV im-
agery gave the possibility to look to the surface of the mounds in the Bel-
gica Mound Province and to see which facies is dominating the sea-floor
in between the mounds. The more, the combined use of a ROV system
mounted with a multibeam system, provided a new technique to look be-
hind the normal resolution of bathymetry, creating a new field of study
called "micro-bathymetry”. In this chapter, a micro-bathymetric data set
over some small mound structures will be described, revealing some new
insights in sedimentary processes, cold-water coral growth and mound
growth.

7.1 Material and methodology

An extensive data set of video imagery was collected with the ROV Victor
6000 installed aboard the R/V Polarstern during Expedition ARK/X1X3a
in June 2003 (Klages et al. 2004). A reconnaissance video survey over
numerous steep-flanked Belgica Mounds, from Challenger Mound over
Poseidon Mound to Galway Mound, was carried out resulting in 36 hours
of video footage (Figs. 7.1, 7.10). ROV Victor 6000 is a big-sized, multi-
purpose ROV designed and built by IFREMER (Institut Frangais de Re-
cherche pour I'Exploitation de la Mer, France) for scientific applications
(Fig. 7.2A) (Opderbecke et al. 2004). For a detailed technical description
of the ROV Victor 6000 the reader is referred to Michel et al. (2003). The
ROV Victor 6000, depth rated for 6000 m, is equipped with various in-
struments to be used for scientific operations in the deep sea such as two
manipulator arms (MAESTRO), seven digital cameras, a water sampler, a
slurp gun and temperature sensors. The "Basic Sampling Toolsled" con-
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taining all necessary tools for adequate sampling (sediment, water, fauna),
was installed under the ROV Victor 6000 during the expedition. Close to
the main camera, a high-resolution digital still camera (HYTEC
VSPN3000, 3 megapixels, autofocus and optical zoom) allowed taking
high-quality pictures. Additionally, laser beams were placed around the
main camera as scale to estimate the distance and the size of objects within
the camera view field. The onboard ROV navigation sensors are: (1) RDI
workhorse-600 Doppler Velocity Log (DVL), (2) IXSEA Octans fibre-
optic gyrocompass & motion sensor, and (3) DIQIQUARTZ Paro-
scientific depth sensor. Positioning was achieved by a "Posidonia" USBL
(Ultra Short Base Line) system (Rybicki 1999).

Fig. 7.1 Shaded relief map of the Belgica Mound Province with the morphological
features (carbonate mounds, channels) showing the location of the ROV track over
and in between the different Belgica Mounds (black line) and the micro-
bathymetric dive (black rectangle). The shaded relief map is based on AWI
bathymetry (Beyer et al. 2003).
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Additional videomaterial, collected during the CARACOLE cruise with
the same robotic submersible Victor 6000 aboard the R/V Atalante in June
2001 (Olu-Le Roy et al. 2002) and during the M61/3 cruise with the ROV
Quest aboard the R/V Meteor in June 2004 (Ratmeyer et al. 2006), was
used to illustrate the different facies encountered on and between the Bel-
gica Mounds. The ROV Quest is an electric commercial work-class ROV,
operated by MARUM, University of Bremen (Germany) (Fig. 7.2B) (Rat-
meyer et al. 2006). The robot is designed and manufactured by Alstom
Schilling Robotics (ASR, Davis, USA). In contrast to the commercial
model, the Bremen QUEST has been adapted for scientific deployment
and for diving in water depths down to 4000 metres. The ROV Quest is
equipped with a RIGMASTER manipulating arm, as well as a set of other
scientific tools and adaptations for adequate geological and biological
sampling. The major installation is the advanced camera and lighting suite,
consisting of 2.4 kW light power and 6 different video and still cameras.
Quest uses a Doppler velocity log (DVL) to perform Station Keep Dis-
placement and automatically controlled 3D positioning allowing reliable
and precise positioning with accuracy within centimetre to decimetre
ranges.

Fig. 7.2 Pictures of ROV VICTOR 6000 designed and built by IFREMER (Institut
Francais de Recherche pour I'Exploitation de la Mer, France) (A) and, ROV
QUEST operated by MARUM (University Bremen, Germany) (B).

High-resolution swath bathymetric mapping with the ROV Victor 6000
during the R/V Polarstern expedition ARK/X1X3a in June 2003 produced
a micro-bathymetric map up to a resolution of 20 cm, visualizing small-
scaled mound structures (Moira Mounds) (Figs. 7.1, 7.5). Compared to
surface-borne mapping, ROV-borne micro-bathymetric mapping increases
the spatial resolution of the observations (Opderbecke et al. 2004). This
gives more detailed insights in the local morphology of the seabed, allow-
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ing the recognition of structures only a few centimetres in relief. During
the micro-bathymetric mapping survey over the small Moira Mounds, the
multi-beam echosounder system Simrad EM2000, operating at a frequency
of 200 kHz and a swath width of 120°, was mounted on the Victor 6000 in
a special "seabed mapping module”. The maximum number of beams
across wise was 111 with an angular resolution of 1.5° x 2.5°. The fly-
height above the sea-floor was kept at a constant level of ~ 10 m. High-
resolution mapping is not possible without precise navigation. The multi-
beam resolution (~10 cm horizontally) and the one of video mapping
(~1cm horizontally) ideally imply navigation data of the same level of ac-
curacy. Underwater positioning, taking into account the absence of radio-
electric signal transmission in seawater, is normally based on acoustic
measurements with respect to reference transponders that are mounted un-
der the vessel or moored on the sea-floor. During the ARK/X1X3a expedi-
tion, the ROV Victor 6000 was positioned with the USBL system "Posido-
nia", which yields a positioning accuracy of about 0.5% of the slant range
(depending on the ship noise, the meteorological conditions (turbulent wa-
ter around the transducers, roll, pitch and heave dynamics), and the system
calibration 5-sonic velocity profile). The acoustic positioning, which is not
sufficient for map construction, was completed by the inertial navigation
system of the ROV Victor 6000. A 3D fibre-optic gyro and motion-sensor
(Octans/Ixsea), and a Doppler Velocity Log (DVL-Workhorse600/RDI),
measure the displacements of the ROV in time, starting from a given
USBL-position. The integration of measurement noises lets the positioning
error drifting off at a rate of less than 10m/hour. The high-resolution map-
ping procedures use the inertial gyro-Doppler navigation reset on USBL-
positions at given intervals (1-2 hours) before or after the individual survey
lines. Roll and pitch compensation was carried out with data from the Oc-
tans system, which measures these angles with an accuracy of 0.5 mrad.
The vehicle depth was obtained by a DIQIQUARTZ Paro-scientific depth
sensor. It has an accuracy of a few centimetres.

All the data were recorded and processed (filtering of the vehicle depth
measurement, roll calibration, removal of bad pings and pitch correction)
in the software package Qinsy. It has to be mentioned that some navigation
errors have not been filtered out due to the complexity of the problem. The
accuracy of underwater navigation in the horizontal plane and in the verti-
cal axis is less accurate than at the surface (Opderbecke et al., 2004).
Dead-reckoning induces a short term drift that builds up to a few metres
during a 1 km survey line. This means that the assembly of the map will
show considerable artefacts between joining survey lines. Even slight
variations in the vehicle depth may cause vertical shifts which are difficult
to filter out during post-processing.
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Additional ground-truthing of the video data was done by systematic
sampling of the different encountered facies with VVan Veen grabs and gi-
ant box cores during the Polarstern ARKXIX/3a cruise in June 2003, the
M61/1 and M61/3 cruises aboard the R/V Meteor in May and June 2004,
and the POS314 expedition with the R/V Poseidon in August 2004.

7.2 Moira Mounds

7.2.1 What are the "Moira Mounds'"?

Small-scaled mounded features were first observed east of Thérese Mound
as lumpy structures with spots of high backscatter indicative of coral colo-
nisation on 100/410 kHz GeoAcoustic sidescan sonar imagery, collected
during the RRS Discovery 248 cruise (Bett et al. 2001; Kozachenko 2005;
Wheeler et al. 2005b) (Fig. 7.3A-B). Extensive 30 kHz TOBI sidescan so-
nar mapping showed that hundreds of such small mounds exist in the Bel-
gica Mound Province (Fig. 7.3C) (de Haas et al. 2002; Huvenne et al.
2005). The first group of such build-ups to be identified on the sidescan
sonar records was named "Moira Mounds"” (Wheeler et al. in prep.). Over
250 Moira Mounds have now been identified in the Belgica Mound Prov-
ince, most of them occurring in water depths between 900 and 1080 m.
Lack of subsurface expression on 3.5 kHz echosounder profiles shows that
they are recent features (Fig. 7.3D) (Huvenne et al. 2005; Kozachenko
2005; Wheeler et al. in prep.). No seismic evidence for buried components
is observed (Huvenne et al. 2005). Sidescan sonar imagery reveals the
Moira Mounds as clearly defined, high backscatter structures with slope
gradients of about 15-20 degrees, measuring between 20 to 50 m across
and up to ~5 m tall (Kozachenko 2005; Wheeler et al. 2005b, in prep.).
Most of the Moira Mounds are subcircular in shape, showing elongation in
the direction of the dominant current flow (Wheeler et al. 2005b, in prep.).
Some Moira Mounds possess long tail-like structures aligned in a south-
north direction representing down-current sediment wave trains (Wheeler
et al. 2005b). The mounds include isolated examples although the majority
is clustered in groups or swarms. The mounds coexist with low (dark-
toned) backscatter patches, indicative of sandy sediments, and occur on the
upstream margins of sediment wave fields (Wheeler et al. 2005b, in prep.).
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Fig. 7.3 A-B Moira Mounds visualized on 100/410 kHz GeoAcoustic sidescan so-
nar imagery, collected during the RRS Discovery 248 cruise (Bett et al. 2001; Ko-
zachenko 2005; Wheeler et al. 2005b). C TOBI sidescan sonar imagery of the
Belgica Mound Province (de Haas et al. 2002; Huvenne et al. 2005). Insets display
the small Moira Mounds on the TOBI sidescan sonar imagery. D Detail of 3.5 kHz
echosounder profile showing small positive features on the seabed, interpreted as
the Moira Mounds.
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Video imagery reveals that the seabed in between the mounds is domi-
nated by a rippled sand facies with occasional dropstones and odd coral
patches (Huvenne et al., 2005; Wheeler et al. 2005b). Mound's flanks and
mounds themselves are represented by a rippled seabed with patchy mostly
alive corals, followed by dense mostly alive coral coverage with patches of
rippled seabed on the mound summits (Fig. 7.4). Ground-truthing by box
coring during the ARK/XIX3a expedition evidenced the presence of live
coral on the top of the Moira Mounds. The corals are mainly identified as
Madrepora oculata. However, small occurrences of the species Lophelia
pertusa can not be excluded. The sediments of the mounds consist of well-
sorted medium to coarse sand with a unimodal distribution and a mean
grain size fraction of ~277 um (Kozachenko 2005).

Fig. 7.4 ROV imagery visualizing the Moira Mounds. A Slope of one of the Moira
Mounds with patches of live coral framework (mainly the species Madrepora ocu-
lata) and dead coral fragments on the flank. B Rippled sand patches in between
coral thickets on the flanks of a Moira Mound.

So, the main feature of the Moira Mounds is that they occur in areas of
active sand transport on rippled sand sheets in areas of sediment wave de-
velopment. A detailed study of a micro-bathymetric grid over the Moira
Mounds will show the interrelationships between mounds, sediments,
sedimentary structures and water mass movements in this area, character-
ized by active sediment transport (Foubert et al. 2005a; Sect. 7.2.2). The
more, geospatial relationships between the Moira Mounds and the giant
Belgica Mounds suggests that the Moira Mounds are distinct features
closely associated with the contourite drifts located between the giant Bel-
gica Mounds. It can be questioned if the Moira Mounds represent exam-
ples of initial mound growth or a very early stage of mound growth. In this
view, a detailed study of these mounds may give new insights into mound
genesis.
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Small mounds comparable in size to the Moira Mounds have been found
in the northern Rockall Trough, named the "Darwin Mounds" (Masson et
al. 2003). However, Masson et al. (2003) suggested that the Darwin
Mounds do not represent classical examples of carbonate mounds but are
in fact coral-topped mounds, representing coral-colonized water escape
structures. On the other hand, Huvenne et al. (2006) suggested that active
sand transport and hydrodynamics play an important role in the formation
of the Darwin Mounds, which might imply more similarities with the
Moira Mounds than thought before.

7.2.2 Micro-bathymetric mapping

A detailed examination of the micro-bathymetric grid (1300 m x 820 m
surface coverage) revealed five well-delineated zones, each of them char-
acterized by a distinctive morphology, and some small mounded struc-
tures, the "Moira Mounds" (Figs. 7.5, 7.6). The three most distinctive areas
(zones 1, 2 and 3) were already indicated by Foubert et al. (2005a) and will
be described here in detail. Due to the scarcity of ground-truthing material,
the two other zones will be just shortly mentioned (zones 4 and 5).

Zone 1: regular E-W directed sandwaves

Zone 1 is situated in the southern to middle part of the rectangular micro-
bathymetric grid at water depths between 970 and 940 m (Figs. 7.5, 7.6,
7.7). This zone is characterized on the micro-bathymetry by straight, long-
crested, asymmetric, E-W aligned sediment waves with some bifurcations
(Fig. 7.7A). A set of profiles, transverse orientated on the sediment waves,
revealed that the bedforms have average wavelengths of ~10.06 m and av-
erage heights of ~0.50 m (Fig. 7.7C). The waves are characterized by N-
ward facing long slopes with average lengths of ~5.59 m and average gra-
dients around ~5.46°, while the S-ward facing short slopes have an average
length of ~4.23 m and an average gradient of ~7.34°. These parameters al-
lowed calculating the length to height ratio (L/H) and the symmetry index
(SI) defined as the ratio of the long slope side versus the short slope side.
The average L/H ratio is ~18.34, while the average symmetry index is
~1.36. However, it should be mentioned that the sediment waves in the
most southern part of zone 1 have a generally lower L/H ratio and a higher
symmetry index compared to the sediment waves in the northern part of
zone 1. This can be explained by the decreasing availability of sandy mate-
rial by going northwards, and thus upslope. Calculations of the minimum
shear stress 100 cm above the seabed necessary to go over from a rippled
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seabed to a sandwave-dominated seabed, taking into account material with
an average grain size of 277 pum, revealed minimum current velocities of
50 cm/s with a maximum limit of 120 cm/s. According to the geometrical
characteristics of the observed sediment waves (average height of ~55 cm,
average wavelength of ~10 m), the sediment waves are most probably
formed under current velocities of 55 to 60 cm/s (Soulsby 1997).

Fig. 7.5 Three-dimensional view of the micro-bathymetric grid over the Moira
Mounds east of Thérése Mound and the surrounding sedimentary environment.

According to Allen (1982), the sandwaves can be classified as rather
symmetric. Based on their symmetry index, a ratio of 1/100 can be sug-
gested for the steady velocity versus the maximum periodical velocity (Al-
len 1982). These observations suggest that the sandwaves in zone 1 are
under the influence of a strong tidal component but superposed with a
small residual S-ward directed current. As pointed out in Sect. 2.1.3, the
general hydrographic regime in the Belgica Mound Province is dominated
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by a near seabed contour following, mainly poleward directed residual cur-
rent generated by tidal rectification processes (White et al. 2007, subm.).
Dorschel et al. (subm.) and White et al. (2007, subm.) evidenced the im-
pact of bottom intensified diurnal tidal currents directed across the slope
(NE-SW direction). However, S-ward directed residual currents are not
measured. The small S-ward directed current deduced from the sedimen-
tary structures in zone 1 can be explained as an effect of topographic steer-
ing whereby the generally N-ward directed currents are slowed down by
going upslope. A similar effect is noted at the southern slopes of the giant
Galway Mound, where a southward directed residual flow and generally
low current speeds indicated a stagnant region (Dorschel et al., subm.).

Fig. 7.6 Shaded relief map of the micro-bathymetric grid with annotation of the
different studied zones and profiles through the described bedforms.
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Video imagery confirms the presence of sandwaves in zone 1 character-
ized by a sharp drop at their S-ward facing flank and local accumulations
of coarser biogenic deposits in their troughs (Fig. 7.7B). Obvious is the su-
perposition of an asymmetrical ripple pattern with straight, elongated to
linguoid ripple crests on the slopes of the sediment waves having a slightly
different orientation than the sediment waves (Fig. 7.7B). The ripple pat-
terns are changing at the different flanks of the sandwaves, probably re-
sulting from local variations in bottom current speed and direction associ-
ated with the sediment wave topography. White biogenic accumulations
are also observed in the troughs created by the ripples. This ripple pattern
may be caused by the influence of tidal currents. Some scattered patches of
corals (mainly of the species Madrepora oculata) are present on the rip-
pled seabed but they do not appear to merge in bigger frameworks or to
form mounded features in this area.

Fig. 7.7 A Zoom in on zone 1 of the micro-bathymetric grid visualizing the regu-
lar E-W directed sandwaves. B ROV video imagery showing the sandwave-
pattern with superimposed ripples. Note the changing ripple patterns, probably re-
sulting from local variations in bottom current speed and direction. C N-S profile
through the sandwaves (for location see Fig. 7.6).
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So, the bedforms in zone 1 can be interpreted as long-crested, E-W di-
rected sandwaves shaped by a strong periodic (tidal) component but still
under the influence of a small residual S-ward directed current. The forma-
tion of active sandwaves with a superimposed (tidal?) ripple pattern im-
plies abundant sand supply and active sediment transport in this region.

Zone 2: irregular overgrown waveforms

Zone 2 is localized in water depths between 950 and 925 m at the south-
western edge of the micro-bathymetric grid (Figs. 7.6, 7.8). Zone 2 is situ-
ated in slightly shallower water depths than zone 1 and corresponds with
the lower flank of a little mound between the Thérése Mound and the Gal-
way Mound, named BEL36 according to De Mol et al. (2002). The bed-
forms in zone 2 have a quite irregular sinuous and in some cases an abrupt
terminating shape (Fig. 7.8A). However, they seem to be aligned in the
same direction (E-W) as the crests of the sediment waves in zone 1. The
bedforms have an average height of ~0.66 m and an average wavelength of
~9.23 m (Fig. 7.8C). The long slopes have an average length of ~4.38 m,
while the shorter slopes are characterized by an average length of ~3.46 m.
The average L/H ratio is ~13.90 and the Sl index is calculated to be ~1.30.
So, the bedforms in zone 1 have similar geomorphological characteristics
as the bedforms in zone 2 and are characterized by a rather low symmetry
index.

Video imagery revealed that the bedforms in zone 1 are covered with
rather dense frameworks of dead and some patches of live cold-water cor-
als (mainly Madrepora oculata and some minor occurrences of Lophelia
pertusa) (Fig. 7.8B). Several sponge species (Aphrocallistes sp.) are co-
occurring with the coral frameworks colonizing the bedforms. The cold-
water corals seem to be preferentially settled on the crests of the bedforms
and their steepest flanks facing local troughs or "stoss" sides. Some small
areas characterized by irregularly spaced small-scaled current ripples are
present in between the coral-patches. No coral growth is observed in the
troughs between the bedforms.

The bedforms in zone 2 can be interpreted as overgrown sandwaves or
coral growth forms. Due to the stabilization of the bedforms by the cold-
water corals, it can be supposed that they are not mobile anymore at pre-
sent times. So, they can be interpreted as relict structures. However, some
small patches of ripples evidence the influence of currents and active
sediment transport on a smaller scale. Similar sandwaves overgrown by
cold-water corals are observed on the flanks of Thérése Mound (De Mol et
al. 2007) and on the flanks of Galway Mound (Foubert et al. 2005a; see
also Sect. 7.3.2). Such overgrown sandwaves seem to be characteristic for
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the flanks of the mounds in the Belgica Mound Province. De Mol et al.
(2005) suggest that such large sediment waves might represent an initial
phase of coral bank development. Wheeler et al. (2005b) interpreted the
sediment waves, based on high-resolution sidescan sonar imagery, as
transgressing under different forms from the off-mound regions (as mobile
sediment waves), over mound flanks (as coral-colonized sediment waves)
to mound summits (as coral banks).

Fig. 7.8 A Zoom in on zone 2 of the micro-bathymetric grid visualizing the irregu-
lar overgrown sandwaves. B ROV video imagery showing the overgrown sand-
waves. Note the preferable setting of the cold-water corals and associated fauna on
the flanks and the crests of the sandwaves, while no real coral patches are ob-
served in the troughs. C N-S profile through the overgrown sandwaves (for loca-
tion see Fig. 7.6).

Zone 3: furrows and ridges with straight-crested sandwaves

Zone 3 is situated at the north-western part of the micro-bathymetric grid
at water depths around 938 to 940 m (Figs. 7.6, 7.9). Zone 3 is character-
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ized by a set of parallel furrow- and ridge-like structures on a shallow
"sill" (~940 m water depth) between BEL36 and the surrounding slope
sediments (Fig. 7.9A). The lineated features have a length up to 200 to 250
m and are aligned in a mainly N-S to NNW-SSE direction. The average
spacing between the parallel striations is 25 to 30 m. The "ridges" (~ ele-
vated structures) are generally ~9-12 m wide and the "furrows" (~ troughs)
have widths around ~10-14 m (Fig. 7.9C). Kozachenko (2005) interpreted
the ridges as relict gravel waves. However, no extensive gravel patches are
observed below the sandy top units, suggesting the interpretation of the
ridges as sand ribbons. Shallow pushcores, taken with the ROV Victor
6000 during the CARACOLE cruise (Olu-Le Roy et al. 2002), evidence
the presence of mainly fine silt to silty clays below a top layer consisting
of 10 cm of Holocene sands. Gravity cores and box cores in the drift sedi-
ments surrounding the mounds are suggesting the same lithological pattern
characterized by a small Holocene sandy top layer overlying more clayey
glacial sediments (Foubert et al. 2007; Van Rooij et al. 2007a, 2007b).
Taking into account these observations, the parallel lineated features can
be interpreted as caused by erosive furrows formed in the underlying gla-
cial fine silty to silty clayey sediments.

Flood (1983) identified furrows as longitudinal bedforms which form in
fine-grained, cohesive sediments of the deep-sea floor. The model of Flood
(1983) for furrow initiation and development in muddy cohesive sediments
suggests that furrows develop in depositional environments swept by re-
curring, directionally stable and episodically strong currents. Furrows are
initiated when secondary circulations in the boundary layer align coarse,
generally light debris in sand ribbon-like bedforms. As the coarse, light
sediments move along the sea-floor, they abrade small longitudinal troughs
into the muds. The grooves may fill in during intervals between strong cur-
rents events if sedimentation rates are too high. Once a furrow is estab-
lished on the sea-floor, further development may be controlled by the bal-
ance between sediment deposition and erosion, where deposition occurs
continuously and erosion occurs only episodically during brief periods of
increased current strength. Based on the furrow cross section and the
width/spacing ratio, Flood (1983) suggested a classification scheme. Ac-
cording to this classification scheme the furrows in zone 3 can be classi-
fied as "wide" furrows of the type "1C" characterized by a width/spacing
ratio of ~1/2 to 1/3. Wide furrows develop when erosion exceeds or equals
deposition. Type 1 furrows are classified as furrow forms with distinct
troughs, walls steeper than ~30° and flat floors. Type 1C furrows have a
more variable shape, a wider spacing and steeper walls compared to the
smaller-spaced (1/5-1/15) asymmetric type 1B and the symmetric type 1A
furrows. Type 1A and 1B furrows develop where directionally stable, pe-
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riodically strong currents sweep areas where fine-grained sediments are
accumulating. Type 1B furrows may develop their asymmetric shape as
sediments accumulate around a type 1A trough. Type 1C furrows develop
under flow conditions similar to 1A and 1B, but where sedimentation and
erosion balance each other, or where erosion is dominant. It should be
mentioned that no single relationship exists between furrow spacing and
hydrodynamic variables, although it is suggested that furrow spacing can
be about two to four times the boundary layer thickness (Hollister et al.
1976). Measurements suggest that furrows may develop in a wide range of
environments (Flood 1983). One end-member environment is the deep-sea
where nearly unidirectional flows, only slightly modified by 1 to 2 cm/s
tidal currents, range from 5 cm/s to greater than 20 cm/s and move along
the regional bathymetric contours as observed on the Blake Outer Ridge
(Jenkins and Rhines 1980). The other end-member environment can be a
continental shelf where the flow is mainly tidal and currents range from 50
cm/s to often much more than 100 cm/s (Flood 1980). According to Beld-
erson et al. (1982) features aligned in the main current direction should be
formed by strong helicoidally currents up to 100 to 150 cm/s.

Within the furrows of zone 3, a set of transverse, SW to NE orientated,
straight-crested wave-like bedforms are observed (Fig. 7.9D). The bed-
forms have an average height of ~0.46 m and an average wavelength of
~8.93 m. Their long slopes are varying around ~6.33 m and ~4.17°, while
the short slopes are characterized by values around ~3.04 m and ~11.07°.
An L/H ratio of ~19.54 and a symmetry index (SI) of ~2.79 could be cal-
culated from the geomorphological parameters. The bedforms can be clas-
sified as sandwaves having a more pronounced asymmetry than the sand-
waves in zone 1 and the overgrown sandwaves in zone 2. A ratio of 1/10
can be suggested for the steady velocity versus the maximum periodic ve-
locity (Allen 1982), evidencing the effect of a rather strong NW-directed
residual current. Minimum current velocities of 50 cm/s with an upper
limit of 120 cm/s are necessary for the creation of such straight-crested
asymmetric sandwaves, taking into account average grain sizes of 277 um
(Soulsby 1997). It should be mentioned that the length and the morphology
of the sandwaves within the furrows is constrained by the morphology of
the furrows. At some places, they seem to overrun the flanks of the fur-
rows and the ridge-like structures flanking the furrows, suggesting that the
furrows are probably formed before the onset of sandwave development.

Video imagery (Fig. 7.9B) evidences that sandy sediments are covering
the furrows and the ridges associated with the furrows and that rippled
structures are superposed on the described bedforms. Similar ripple pat-
terns are observed as in zone 2 whereby the troughs are filled with coarse
biogenic material. The ripple patterns may witness the tidal influence.



7.2 Moira Mounds 241

Some of the ridges associated with the furrows seem to be colonized by
patchy frameworks of cold-water corals.

Fig. 7.9 A Zoom in on zone 3 of the micro-bathymetric grid visualizing the fur-
rows and ridges. B ROV video imagery showing the sandwaves with superim-
posed ripple pattern. C W-E profile through the furrows (for location see Fig. 7.6).
D NW-SE profile through the sandwaves within the furrows (for location see Fig.
7.6).
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It can be concluded that zone 3 is characterized by the presence of fur-
rows, identified as type 1C furrows according to Flood (1983). These ero-
sive furrows were responsible for the creation of the ridge-like, elevated
features as observed on the micro-bathymetry. Straight-crested, SW to NE
directed, asymmetric sandwaves are channelled within the furrows, evi-
dencing the presence of a rather strong NW-directed residual current re-
sponsible for active sediment transport. The furrows are probably formed
by recurring, directionally stable and episodically strong currents in the
fine-grained, cohesive sediments underlying the uppermost sandy sedi-
ments. The erosive furrows were probably developed before the onset of
extensive active sand transport in the form of sandwaves, as observed
nowadays. Rippled (tidal?) patterns are superposed on the observed bed-
forms.

Zones 4 and 5

Zone 4 is located at the north-eastern edge of the micro-bathymetric grid in
water depths between 952 and 932 m. This zone seems to be characterized
by a rough seabed but no distinct bedforms can be distinguished. Video
imagery and box core samples confirm the presence of a rippled sandy
seabed characterized by the presence of pebble to boulder-sized material,
shell fragments and some well-eroded fragments of the cold-water coral
species Madrepora oculata. Box cores revealed the presence of a muddy
clayey layer below the upper coarse sandy sediments.

Zone 5 coincides with the south-eastern part of the micro-bathymetric
grid, characterized by a smooth seabed and occurring in water depths be-
tween 976 and 946 m. No bedforms are observed. Sidescan sonar interpre-
tations suggest the presence of hemipelagic drape sediments (Huvenne et
al. 2005; Wheeler et al. 2005b). However, no coring or video information
is available for this zone.

Mounds

At the boundary between zone 1 and zone 3, and extensively in zone 3,
mounded structures are observed on the micro-bathymetric grid, i.e. the
"Moira Mounds" (Figs. 7.6, 7.10). A minor amount of mound structures
are found at the boundary between zone 1 and zone 2. The micro-
bathymetry confirms that the mound structures measure 30 to 50 m across
and are up to 5 m high. They are characterized by slope gradients around
~15° (Fig. 7.10). Most of the mounds seem to be aligned and clustered in
front of and/or on some of the ridges created by the erosive furrows as de-
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scribed in zone 3. Moreover, they seem to occur on the highest parts of the
slopes. A detailed look to the micro-bathymetric grid and to some profiles
traversing the mounds learns that the mounds are overridden by sandwaves
(Fig. 7.10). The sandwaves have an average wavelength of ~6.35 m and a
wave height averaging around ~0.40 m. They have similar geomor-
phological characteristics as the sandwaves observed within the furrows.

Fig. 7.10 A-B NNW-SSE profiles through the mound structures and the overrun-
ning sandwaves (for location see Fig. 7.6).
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7.3 ROV-imagery: new ways of looking to the surface

7.3.1 Sedimentary facies distribution and faunal presence

The reconnaissance video survey with the ROV VICTOR 6000 over and in
between several mounds in the Belgica Mound Province visualized differ-
ent facies reflecting changes in the distribution of coral populations on
mounds and mound flanks and characterizing the seabed in off-mound re-
gions. On the basis of these video observations, a number of facies charac-
teristic of the study area were derived (Fig. 7.11; Foubert et al. 2005a;
Wheeler et al. 2005b). Each facies was given a colour-code and integrated
within a GIS (ArcGIS 8.3), resulting in a facies-interpretation map (Fig.
7.11).

Eight mounds were video ground-truthed within the eastern area of the
province (Fig. 7.11). The lack of live coral on the eastern ridge of mounds
is obvious. From Challenger Mound to Poseidon Mound, the most com-
mon coral facies is the presence of sediment clogged dead corals and/or
coral rubble (Fig. 7.12A). It is unclear why there is a lack of live coral here
but it is presumably linked to an adverse hydrodynamic environment with
respect to coral growth (for discussion see Sect. 7.4.2). Moreover, the ex-
posed dead coral facies is confined to the western side of the mounds
whereas their eastern flanks are characterized by the presence of sandy ma-
terial. This corresponds with the observations of De Mol et al. (2002) and
Van Rooij et al. (2003) on seismic profiles of a well-exposed western side
and a buried eastern side of mounds. In several places, the coral rubble is
colonized by large anemones (Phelliactis sp.) and large alcyonarians (An-
thomastus sp.) (Fig. 7.12A). Patches of finer sediment between the dead
coral frameworks are frequently inhabited by tube anemones (Cerianthus
sp.).

In contrast to the eastern mounds, the western ridge of mounds in the
Belgica Mound Province show dense coral coverage with a large percent-
age of live colonies of mainly Lophelia pertusa and Madrepora oculata on
their summits. Dense coral coverage with a large percentage of live coral
species (Fig. 7.12B-C) was encountered on Galway Mound and on the lit-
tle mound (BEL 44) between Galway Mound and Poseidon Mound. The
coral facies distribution pattern encountered on Galway Mound is similar
to that of Thérése Mound (also aligned in this western ridge of mounds),
where a transition of dead coral and coral rubble at the base of the mounds
gives way to denser live coral coverage progressing up the mound (Olu-Le
Roy et al. 2002; Huvenne et al. 2005; Wheeler et al. 2005b).
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\
Fig. 7.11 Facies interpretation map over the Belgica Mounds plotted against
bathymetric map (AWI bathymetry, Beyer et al. 2003). Contour interval is 10 m.
Black arrows correspond with the deduced current orientations. The locations of
the ROV images, visualized on Figs. 7.12, 7.13, are shown (black stars).
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Fig. 7.12 ROV video imagery highlighting the most important facies and associ-
ated fauna encountered on the Belgica Mounds. A Coral rubble providing a firm
substrate for the anemones (Phelliactis sp.). (b-c) Dense coral coverage on top of
Galway Mound with a huge amount of live coral colonies (mainly Madrepora
oculata and Lophelia pertusa). B Lophelia and Madrepora thickets with some
gorgonians (Acanthogorgia sp.). In between the corals hexactinellid sponges
(Aphrocallistes sp.) occur frequently. Common fish encountered in the Belgica
Mound Province (Neocyttus helgae) together with a spider crab (Paromola cu-
vieri). C Living coral thicket (Lophelia pertusa and Madrepora oculata) with sev-
eral Aphrocallistes and larger alcyonarians (Anthothelia sp.). D Patchy distribution
of live coral (Madrepora oculata and Lophelia pertusa) on rippled sand. Several
stylasterids (Pliobothrus sp.) are growing on the coral framework, indicating high
currents.

The seabed immediately east of Galway Mound is characterized by a
patchy distribution of corals on rippled sand (Fig. 7.12D), where the pres-
ence of stylasterids (Pliobothrus sp.) growing on the coral framework indi-
cates stronger currents. A clear increase of megafaunal concentrations and
species on mounds with live coral coverage is noted (Fig. 7.12B-C), espe-
cially for the hexactinellid sponge Aphrocallistes sp. and the gorgonians
Acanthogorgia sp. and Paramurecea placomus. Several species of an-
tipatharians are also represented by many colonies. Spider crabs (Paro-
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mola cuvieri) frequently occur in and over the coral framework. This west-
ern ridge of mounds can be interpreted as a "live" mound belt.

Fig. 7.13 ROV video imagery highlighting the most important facies encountered
in between the coral-dominated areas. A Seabed dominated by dropstones. Stylas-
terids (Pliobothrus sp.) are settling on the dropstones. B Dropstone colonized by
barnacles (Bathylasma sp.) on a seabed characterized by barnacle plates, drop-
stones and broken coral fragments. C Patchy distribution of dropstones on an un-
rippled seabed. Current marks are visible in the neighbourhood of dropstones with
scouring and gravel patches. D Patchy distribution of dropstones on a rippled sea-
bed. E Rippled seabed and Redfish. F Lost fishing net and lost fish Phycis blen-
noides.
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The presence of dropstones (gravels and/or boulders) is very common in
areas between the mounds and in the channels flanking the mounds. At
some locations, the seabed is dominated by dropstones (gravel and boul-
ders), barnacle plates and broken coral fragments (Fig. 7.13A-B). In this
dropstone facies, larger boulders are abundantly covered by barnacles
(Bathylasma sp.). Beside some serpulids, encrusting sponges and bryo-
zoans, the epifauna of these boulders is very poor. Very few boulders show
prolific growth of larger sessile animals such as gorgonians, antipatharians
or corals (Madrepora oculata or Lophelia pertusa). This may be due to ex-
cessive current speeds that are also responsible for the creation of the ex-
posed dropstone facies. The presence of Bathylasma sp. and some stylas-
terids (Pliobothrus sp.) also indicates strong currents. Other areas are
characterized by a patchy distribution of dropstones on an unrippled or
rippled seabed (Fig. 7.13C-D) with scouring in front of boulders and a
typical gravel patch behind (Fig. 7.13D). In this facies, the isolated drop-
stones are frequently colonized by encrusting sponges, barnacles (Bathy-
lasma sp.) and stylasterids (Pliobothrus sp.). Rippled sand sheets tend to
dominate the remaining seabed (Fig. 7.13E).

These observations confirm the presence of strong benthic currents in
this part of the Belgica Mound Province. However, a few small patches of
unrippled fine silty sand represent areas of quiescence within this region of
strong bottom currents. The silty sand patches are localized on the eastern
side of the mounds where sediment drift is accumulating. The orientation
of current marks, scouring marks and sand ripples made it possible to de-
duce the orientation of the currents in some places. The overall image of
the sedimentary patterns, bedform occurrences and the deduced current
orientations fits very well with the general idea of a northward directed
slope current. However, the impact of bottom intensified diurnal tides
across the slope can not be neglected (White et al. subm.). The impact of
trawl marks and even the presence of stranded fishing nets were noted
(Fig. 7.13F; Grehan et al. 2003).

7.3.2 Video mosaicing: a quantitative approach

In Sect. 7.3.1, a qualitative description is given from the different encoun-
tered facies in the Belgica Mound Province. However, the high amount of
video information claims for more adequate and analytical quantitative
techniques to study such mound and cold-water coral environments. In this
chapter, an integrated method is presented for the quantitative study of
video data, specially adapted to cold-water coral habitats. The proposed
method is successfully tested on parts of the reconnaissance video transect
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between Poseidon Mound and Galway Mound collected with the ROV
VICTOR 6000 during the ARKXIX/3a expedition in June 2003 (Figs.
7.11,7.15).

To allow guantitative analysis on video imagery, high-resolution source
material has to be available. In this view, lot of attention and great care has
to be paid on the acquisition of high-resolution under water video imagery.
The better the source material, the better the interpretations. Three main
problems have to be encountered while collecting under water imagery:

1. Underwater positioning
Accurate positioning is necessary to ensure geo-referenced video ma-
terial. This is not always evident in deep-sea environments. However,
by using a combination of acoustic positioning and relative navigation
techniques as described in Sect. 7.1, a rather accurate positioning
could be achieved.

2. Changing fields of view, different lighting conditions and distortions
in the image
While collecting under water imagery with ROV-systems, different
cameras are mounted in different positions on continuously moving
vehicles flying over irregular topographic features what is resulting in
continuously changing fields of camera views, different lighting
conditions and distortions in the image. In order to avoid from the
start strongly changing views and distortions a downward-looking
(vertical) camera mounted on the ROV was used for focused mapping
dives. The quantitative analyses are based on images taken by the
vertical camera. Taking into account the opening angle of the camera
(60°) and the optimal average height of the camera above the sea-
floor (3 m), the analysed surface for each view field of the camera (or
frame) is 3 m? resulting in a frame width of 1.732 m. It is presumed
that working with an average distance over ground, the sea-floor
inclination as varying factor, not exceeding 34° in the study area, can
be neglected with the camera mounted in the middle of the ROV.
Video footage from obliquely mounted cameras, recording high-
resolution images, was used to refine the visual information recorded
by the vertical mounted camera.

3. Video imagery restricts the resolution of observations to megafauna,
very few characteristic macro-fauna and well-developed seabed char-
acteristics
In order to look behind the restricted resolution of video imagery,
ground-truthing with giant box cores and Van Veen grabs was carried
out. This allowed detailed identification of animals observed on the
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video footage and precise characterization of the sediment
composition.

Once the data are collected, the data have to be reduced to workable
units. In this study, the video data have been cut into more than 270 video
sequences for gquantitative analyses. Sequence selection was done based on
GIS referenced navigation files. A distance of 25 m has been defined as
standard length for each sequence, taking into account the small-scale
changes in topography and facies in the study area (Fig. 7.14C). Each se-
lected sequence was then processed to a video-mosaic. Special adapted
software developed by Luong et al. (2006) allowed creating high-quality
video mosaics filtering out light effects and distortions. Existing mosaicing
techniques failed due to the non-uniform illuminated environments caused
by the spotlights mounted on ROV's, necessary to illuminate dark deep-sea
environments. The more, traditional image blending techniques suffered
from ghosting artifacts in the presence of moving objects (f.e. fish). A new
robust mosaicing algorithm tackled the problems (Luong et al. 2006) (Fig.
7.14A-B). Due to the use of GIS-integrated systems, the seabed surface
corresponding to each mosaic is well known (sequence length times se-
guence width).

Finally different "classes" and "layers" have to be defined before the
mosaics can be subjected to quantitative analysis. As the most important
facies were already described during a first qualitative study (Sect. 7.3.1),
the different classes and layers to quantify were based on this qualitative
study. The layer-concept used in GIS environments was adapted to the
cold-water coral environments and three main layers were identified: (1)
substrate, (2) bedforms, and (3) associated fauna. Each layer was subse-
guently subdivided in different classes. For the "substrate" layer, the fol-
lowing classes were defined: sand, dropstones, dead coral rubble, dead
coral framework, few live coral (<5%), moderate live coral (5-50%) and
abundant live coral (>50%). Within the layer "bedforms”, next classes
were identified: rippled sand sheets, rippled sand sheets and asymmetrical
sandwaves (E-W), current-swept gravel, asymmetrical sandwaves (E-W),
symmetrical sandwaves (E-W) and, symmetrical sandwaves (N-S). Only
abundant associated fauna was classified: gorgonians, antipatharians and,
sponges. The percentage of coverage of each identified substrate type and
each kind of bedform was quantified on the videomosaics using the soft-
ware analySIS, allowing semi-automated classification. Each videomosaic
was then labelled according to the dominant substrate type and bedform
type encountered in the video mosaic. The associated fauna was gquantified
using the point-count utility of the software analySIS. Species covering
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large surfaces were retained in the quantitative analysis with percentage of
coverage for each mosaic.

Fig. 7.14 Techniques of video mosaicing. A Video mosaic created by traditional
mosaicing techniques, showing artifacts at the margins. B Video mosaic created
by special developed software to filter out light effects and distortions (Luong et
al. 2006). C Video mosaic showing a distinct facies transition. By cutting the
video data in separate sequences, such distinct facies changes were taken into ac-
count.

The results of the quantitative analysis and the video mosaics represent-
ing the most important classes are visualized on Fig. 7.15 and Fig. 7.16.
By looking to the substrate classes, it can be summarized that abundant
live coral is present on the top and western flanks of Galway Mound and
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the small mound (BEL 44) between Galway Mound and Poseidon Mound
(Figs. 7.15A, 7.16A). Moderate live coral is observed at the eastern flank
of Galway Mound and BEL 44 and at the lower western flank of mound
BEL 44 (Figs. 7.15A, 7.16B). At the western side of Galway Mound and
between Galway Mound and mound BEL 44, few live coral patches are
observed. Also at the lower western flank of Poseidon Mound some live
coral patches are identified but most of its western flank is covered with
dead coral rubble and dead coral framework (Figs. 7.15A, 7.16C-D).
Gravel- and boulder-sized material (identified as dropstones) characterizes
the sea-floor between Poseidon Mound and mound BEL 44 and the eastern
flank of Poseidon Mound (Figs. 7.15A, 7.16H-J). A small sheet of rippled
sands is present between Poseidon Mound and mound BEL 44 (Figs.
7.15A, 7.161). Typical bedforms bear witness of active sediment transport
in the studied regions (Fig. 7.15B). Rippled sand sheets and asymmetrical
sandwaves characterize the sea-floor between Galway Mound and mound
BEL 44. Current-swept gravel is mainly dominating between Poseidon
Mound and mound BEL 44, evidencing stronger and more vigorous bot-
tom currents than between Galway Mound and mound BEL 44 (Figs.
7.15B, 7.16H-J). The orientation of the bedforms indicates in both areas a
generally northward directed current. Asymmetrical and symmetrical
sandwaves aligned with their crests in E-W direction, overrun the eastern
flank and the summit of Galway Mound and mound BEL 44 and the lower
western flank of Poseidon Mound (Fig. 7.15B). In all areas the sandwaves
are overgrown by dead coral rubble and/or live coral framework. Symmet-
rical N-S directed sandwaves are observed at the lower eastern flanks of
Galway Mound and bears witness of the impact of bottom intensified diur-
nal tidal currents across the slope in these areas. Trawl impacts are fre-
guently noted, especially at the eastern side of Poseidon Mound (Figs.
7.15B, 7.16K).

Fig. 7.15 Visualization of the defined layers and classes between Poseidon Mound
and Galway Mound by integration of the video mosaics in a GIS system (Ar-
cG1S8.3). Data are plotted against the bathymetry with contour intervals set at 10
m (AWI bathymetry, Beyer et al. 2003). A Occurrence of the classes defined in
the layer substrate. B Occurrence of the classes defined in the layer bedforms. C
Occurrence of the classes defined in the layer associated fauna.
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Most of the observed fauna is co-occurring with dead and/or live coral
framework (Fig. 7.15C). Gorgonians, i.e. the species Paramuricea pla-
comus, are mainly identified on the upper flanks and the summit of Gal-
way Mound and at the summit of the mound BEL 44 (Figs. 7.15C, 7.16E).
The highest occurrences (with an average of 120 colonies each 43.3 m? or
2.77 colonies each m?) are observed at the summit of the Galway Mound.
The anthipatharian Leiopathes glaberrima is mainly occurring at the lower
western flank of Galway Mound and at the upper eastern flank of mound
BEL 44 (Figs. 7.15C, 7.16F). Sponges are colonizing the substrates as
soon as dead or live cold-water coral framework is present. The sponge
species Aphrocallistes bocagei was point-counted, revealing the highest
occurrences at the lower eastern flank of Galway Mound (with an average
of 250 specimens each 43.3 m? or 5.89 speciments each m?) (Figs. 7.15C,
7.16G). As well as the species Aphrocallistes bocagei, as the species
Leiopathes glaberrima seem to prefer areas characterized by strong diurnal
tidal bottom currents.

The quantification of specific classes made it possible to refine the habi-
tat and facies definitions described in Sect. 7.3.1. The contrast of, on one
hand carbonate mounds with live coral coverage (Galway Mound) and on
the other hand mounds covered with mainly dead cold-water coral rubble
(Poseidon Mound), is highlighted and amplified by a quantitative compari-
son including as well sedimentological as biological parameters. Moreover
the presented methodology can allow cluster analysis to redefine macro-
environments. Linear correlation and stepwise regression can be used to
relate benthic species and their associations to environmental variables.
However, due to the testing character of this small methodological study
such detailed statistical analyses were not yet carried out for the presented
data.

Fig. 7.16 Video mosaics and ROV video imagery visualizing substrate, bedforms
and associated fauna. A Abundant live coral coverage (Madrepora oculata and
Lophelia pertusa) with associated fauna. B Moderate live coral coverage (Madre-
pora oculata and Lophelia pertusa) and associated fauna. C Low live coral cover-
age but mainly dead coral framework. Sponges frequently inhabit the dead coral
framework (Aphrocallistes bocagei). D Patchy distribution of dead coral rubble
and moderate occurrence of sponges (Aphrocallistes bocagei) on unrippled sandy
seabed. E Anthipatharian (Leiopathes glaberrima). F Gorgonian (Paramuricea
placomus) with the spider crab Chirostylus formosus. G Sponge (Aphrocallistes
bocagei). H Seabed dominated by current-swept gravel with scouring features and
gravel patches associated with boulder-sized material. | Rippled sand sheet. J Cur-
rent-swept gravel on a rippled seabed. K Trawlmark on dropstone-dominated sea-
floor. The original ROV video imagery is copyright IFREMER.
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7.4 Discussion

7.4.1 Moira Mounds: a form of stressed coral growth?

A detailed study of the micro-bathymetric grid and the corresponding
video imagery confirms that the Moira Mounds are occurring in an area
where the dynamic interaction between active sand transport, sedimenta-
tion and current dynamics play an important role in shaping the present-
day sea-floor. It should be mentioned that the micro-bathymetric grid is a
"snapshot” of the seabed, revealing the bedforms and structures of the sea-
floor at the time of data collection. No repeated surveys of adequate reso-
lution are available to check the temporal variability of the interpreted bed-
forms. In this study, it is assumed that most of the bedforms are formed
under regular peak flow events.

Following the micro-morphological observations, an evolution model
can be proposed for the development of the Moira Mounds framed in their
surrounding sedimentary environment (Fig. 7.17). Currents in conjunction
with moderate sediment supply and transport play hereby an important
role. Extensive core-studies in the off-mound regions of the Belgica
Mound Province have evidenced that glacial periods are characterized by
the deposition of fine-grained material (Chap. 6; Foubert et al. 2007; Van
Rooij et al. 2007a, 2007b). It can be supposed that also in the studied mi-
cro-environment extensive cohesive fine-grained sediments where charac-
terizing the sea-floor during the last glacial period (Fig. 7.17A). Subse-
quent deglaciation, re-initiated the vigorous bottom current regime typical
for interglacial and interstadial periods in the Porcupine Seabight, trans-
porting high amounts of reworked coarse material (Chap. 6; Foubert et al.
2007; Van Rooij et al. 2007a, 2007b). On the saddle-like structure secon-
dary circulations in the boundary layer started to align the coarse, gener-
ally light debris, transported by the strong N-ward directed bottom cur-
rents, in sand ribbon-like bedforms. As the coarse and light sediments
moved along the sea-floor, they abraded small longitudinal troughs into the
muds, resulting in the creation of the described furrows (Fig. 7.17B). Dur-
ing these times, erosion was dominating on deposition. Belderson et al.
(1982) suggested current speeds between 100 and 150 cm/s for the creation
of longitudinal bedforms such as furrows and sand ribbons. Flood (1983)
showed that furrows can be also generated by much lower current levels.
However, the typical 1C furrows are witnessing periods of extensive ero-
sion suggesting current speeds up to 100 cm/s. Such high current speeds
may have prevented cold-water coral growth during erosive deglaciation
events. The more, Frederiksen et al. (1992) suggest that current speeds
>100 cm/s probably cause coral colonies to topple over having thus a
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negative effect on cold-water coral growth. However, when fully intergla-
cial conditions where established, currents waned but were still stronger
than observed during quiet glacial conditions. It is exactly under these
conditions that cold-water corals probably started to grow in the studied
area (Fig. 7.17C). The ridge-like structures created by the furrows, could
have been suitable settling substrates for cold-water corals seen their ele-
vated position. However, it should be mentioned that not all the mounded
structures are settled on the ridge-like structures. On the contrary, they
seem to be in many cases clustered in front of the lineations. In each case
they are localized on the highest points in the studied micro-environment,
i.e. on the saddle-like structure. In this view, elevated positions, subjected
to stronger currents and so enhanced food supply, may have been the most
crucial factor for the cold-water corals in choosing their settlement place.
As at the base of Challenger Mound, cold-water corals seem to be initiated
on a regional scoured erosional surface but no hardground or hard sub-
strate as settling substrate is observed. Again, this can form an argument
for the fact that the impact of currents and sedimentation prevails on suit-
able settling grounds for the initiation of cold-water coral growth. An im-
portant factor which might have been the triggering mechanism to go over
from cold-water coral growth to small mound build-ups is the onset of a
sedimentary regime with active sand transport. Once cold-water corals
gained a certain footing, the coral colonies can trap the sediments and so
build up positive features for further coral development on the sea-floor. In
this way, corals become elevated above the benthic-boundary layer gaining
access to fast-flowing waters (with increased nutrient flux), and thus
stimulating further coral growth, sand entrapment and increases in mound
elevation. So, a positive feedback mechanism, whereby the coral sediment
entrapment process provides support for coral colonies encouraging new
coral growth can play an important role in initial mound growth. Cold-
water coral thickets can be seen in this way as a kind of "micro-
environment" or "permeable barrier". The thickets reduce the flow, making
sediment "baffling™ or sediment deposition possible, but do not block the
current completely. Such a flow reduction caused by coral thickets is also
evidenced by the ripple patterns that seem to disappear between the corals
but are extensively formed in the open spaces within the coral forest. A
positive feedback mechanism can also be proposed to explain the over-
grown sandwaves observed on the flank of mound BEL 36. In this way, it
is envisaged that coral colonies on the flank of mounds are encroached
upon by sediment waves whose progress is retarded by the coral colonies
that also trap the sand (Wheeler et al. 2005b). As on the Moira Mounds, a
sediment entrapment process supports the coral colonies allowing them to
grow higher. This enhanced vertical growth facilitates further sand en-



258 7 Surface processes

trapment, encouraging more growth. Overtime the sediment waves become
larger and steeper with extensive coral growth on their crests and restricted
or absence of coral growth in their troughs (Wheeler et al. 2005b). Nowa-
days, the area is characterized by extensive active sand transport, evi-
denced by the presence of sandwaves and rippled structures in the area,
and even sandwaves overriding the small Moira Mounds (Fig. 7.17D).

Fig. 7.17 Block diagram summarizing the depositional history for the evolution of
the Moira Mounds and their surrounding sedimentary environment. A Glacial:
deposition of fine cohesive sediments. B Deglaciation: onset of vigorous bottom
current regime resulting in extensive erosion and scouring with the formation of
type 1C furrows. C (Re)colonisation of the area by cold-water corals and the crea-
tion of small mound build-ups. D Holocene: gradual build-up of mobile sand
sheets with associated ripples and sandwaves.

It can be questioned if the presence of such extensive active coarse sand
transport is positive for coral and mound growth, or if it bears witness of a
process of cold-water coral growth (and their attempt to build up mound
structures by sand baffling) in a stressed environment where cold-water
corals are trying to find the best and highest positions to survive. Indeed, it
should be mentioned that no coarse sediment entrapment process is yet ob-
served on the top of healthy live mounds. The more, most of the sediments
on top of the giant mounds and the sediments on Challenger Mound are
rather fine silty to silty clayey sediments, suggesting deposition of finer
material filling the coral frameworks during slack water. Moreover, in the
neighbourhood of the Moira Mounds the cold-water coral species Madre-
pora oculata seem to dominate, while Lophelia pertusa is dominating
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throughout Challenger Mound with only a change towards Madrepora
oculata in the top layers, when the mound is in a decline phase. Sanders
and Baron-Szabo (2005) suggested that the form and species of scleractin-
ian assemblages are changing under different sedimentary environments
with a clear shift towards more sediment-resistant morphs and taxa in
sedimentary stressed environments. These authors marked a high sediment
tolerance for small-polyped taxa, e.g. Porites, Montipora. Due to their
small-sized coral heads, such small-polyped corals probably reject sedi-
ment more effective than large specimens of lower convexity. The domi-
nance of the small-polyped species Madrepora oculata may witness the
presence of a higher sediment stress caused by the vigorous contouritic
drift sedimentation characterizing the Belgica Mound regions nowadays.
So, Moira-like mound build-ups in a sandy contouritic environment may
represent stressed forms of cold-water coral growth trying to keep up with
active sand transport. How these small mound structures formed under
stressed conditions represent an initial phase of mound growth can be dis-
cussed. It can be suggested that such small mounds may in a later stage
coalesce to form one or several big mounds and so form a structural height
that can keep up with moving sand sheets, preventing themselves from be-
ing buried. By forming bigger mounds they can go over to a mechanism
whereby baffling of finer material during slack water conditions become
an important giant mound growth process. The importance of tidal currents
in these processes of giant mound growth can not be neglected, as they
might provide the necessary alternation between quiet periods where fine
sedimentation prevails and periods characterized by high current speeds to
supply nutrients for the cold-water corals and so enhance cold-water coral
growth. As fine sediments are more cohesive and so more difficult to erode
than sands these quiet phases are necessary for the stabilization and con-
solidation of giant mounds. The fact that the Moira Mound build-ups do
not make it nowadays to go over to a stage of giant mound growth can be
the lack of the deposition of fine, cohesive sediments, a crucial factor in
mound stabilization. It should be mentioned that the sediments recovered
at the base of Challenger Mound lack a distinctive sandy facies or a facies
comparable to that encountered in the Moira Mounds nowadays (Huvenne
et al. 2006). This suggests that for Challenger Mound an initial phase of
mound build-up explained by the coalescence of small Moira-like mounds
is rather unlikely.

It can be concluded that current speeds, sediment transport (and deposi-
tion) processes and tidal currents are crucial factors in the competition be-
tween cold-water coral growth and sedimentation to build up mounded
structures. Small mounded structures can be formed by the interaction be-
tween cold-water coral growth and sediment baffling as a positive feed-
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back mechanism. However, such small mound build-ups seems to repre-
sent rather a way of mound formation under stressed conditions than an
initial phase of extensive mound growth. On the other hand, it can not be
excluded that such small mound patches may coalesce in a later phase to
form one or several bigger mounds. Once the mounds gained a certain
height they can become elevated above the benthic boundary layer, allow-
ing them to go over to a process of giant mound development under a tidal
current regime whereby finer sediments are deposited in between the cor-
als during slack water and whereby the peak tidal currents are responsible
for enough food supply. However, modelling these processes of initial
mound build up and giant mound development in well-defined and con-
trolled lab-environments is necessary to understand the initial and funda-
mental processes of mound build-up.

7.4.2 "Dead" mounds next to "live" mounds?

One of the most obvious observations is that erosive features with gravel
patches, evidencing N-ward directed coarse-grained sediment transport,
are dominating the seabed around the eastern ridge of "dead" mounds or
better expressed as mounds covered with mainly dead cold-water coral
rubble and eroded cold-water coral fragments. Active sediment transport is
also occurring around the western ridge of "live" mounds (or mounds cov-
ered with live coral framework) but seems to be dominated by sand trans-
port and the creation of associated sandwaves, evidencing lower erosive
currents than observed in the neighbourhood of the eastern ridge. How-
ever, the number of "dead" mounds is dominating on the amount of "live"
mounds in the Belgica Mound Province. The more, also in the environ-
ment of the "live" mounds, corals seem to occur in a sediment-stressed en-
vironment (Sect. 7.4.1). The high amount of gravel occurring between the
mounds can be explained as deposited during the last glacial period when
ice-sheets where probably reaching the shelf edge of the Porcupine
Seabight (Sejrup et al. 2005).

As discussed in Sect. 5.5.4, extensive contourite drift sedimentation is
characterizing the off-mound areas since the last 0.5 Ma. The strong con-
tour currents, responsible for extensive drift sedimentation have a dual im-
pact on the coral mounds by burying their eastern flanks through the depo-
sition of thick sediment sequences and by eroding their western flanks.
Such extensive contourite sedimentation and the associated high contour
currents have thus probably a negative effect on mound growth. However,
the western flanks and the summits of the "live” mounds belonging to the
western mound ridge may form a kind of shelter, where cold-water corals
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are protected against the N-ward directed contour currents. In these "shel-
tered" areas the impact of tidal currents seems to be important, as evi-
denced by the N-S directed sediment waves encountered at the lower east-
ern flank of the live Galway Mound (Sect. 7.3.2). Such tidal currents
provide the cold-water corals enough nutrients and organic particulate mat-
ter to survive during peak tides and enough quietness to allow the finer
material sinking down during low tides which is necessary to stabilize the
mound. Hence, bottom intensified tidal currents seem to have a positive ef-
fect on mound and cold-water coral growth. The importance of bottom in-
tensified tidal currents by shaping the mounds in the Belgica Mound Prov-
ince is evidenced by White et al. (subm.). The reason why "dead" mounds
are occurring next to "live" mounds is still unclear and more research, such
as comparative current meter measurements on and off "dead" and "live"
mounds, is necessary.
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Summary

Micro-bathymetry over the Moira Mounds revealed the presence of 3
well-delineated zones, each characterized by typical sedimentary structures
bearing witness of active sediment transport: (1) regular E-W directed
sandwaves, (2) irregular overgrown sandwaves, and (3) furrows and
ridges associated with straight-crested sandwaves. The Moira Mounds
appear as small-mounded features, subcircular in shape, measuring 30-50
m across and up to ~5 m tall.

The evolution of the Moira Mounds can be explained as formed by the
interaction between cold-water coral growth and sediment baffling through
a positive feedback mechanism. However, such small mound build-ups
seems to represent rather a way of mound formation under stressed condi-
tions than an initial phase of extensive mound growth.

ROV video imagery visualized the different facies encountered on the
mounds and between the mounds in the Belgica Mound Province. An
eastern ridge of ""dead" mounds mainly covered with sediment clogged
dead cold-water coral rubble and dead cold-water coral fragments is ob-
served. Just a few "live" mounds are present in the study area, clustered in
a western ridge of "live" mounds and covered with live coral framework.
Bottom intensified diurnal tidal currents have an important and positive
impact on the western ridge of "live" mounds. Such tidal currents can pro-
vide the cold-water corals enough nutrients and organic particulate matter
to survive during peak tides and enough quietness to allow the finer mate-
rial sinking down during low tides which is necessary to stabilize the
mound.

A new method is presented and successfully tested for the quantitative
analysis of ROV video imagery by video mosaicing and their integration
in GIS-based environments.




8 Carbonate mounds in the Gulf of Cadiz

An exploratory cruise of R/V Belgica in 2002 off Larache (Morocco) has
led to the discovery of small mounds topping ridges and structural heights
(respectively on Pen Duick Escarpment, Renard Ridge, Vernadsky Ridge
and Al Idrisi Ridge). These mounds are found amidst 9 giant mud volca-
noes: the El Arraiche mud volcano field (Van Rensbergen et al. 2005a).
They occur in a setting where focused fluid seepage is observed (Baraza
and Ercilla 1996; Pinheiro et al. 2003; Somoza et al. 2003; Van Rooij et
al. 2005). Because of its unique setting, the carbonate mound site on the
Moroccan margin became rapidly involved in a developing stage of fo-
cused multidisciplinary research. In May 2004, a 9m-long Kasten core
was recovered with R/V Marion Dufresne on top of one of the largest
build-ups — 60 m high. It contained cold-water corals over its whole
length, a striking similarity with the Porcupine mound cores (Foubert et
al. 2007) but a very strong smell of hydrogen sulphide was reported on
deck. The core featured a well-delineated zone of heavily dissolved cold-
water corals and a zone of diagenetic carbonate precipitation. Pore water
analyses gave evidence of a sharp sulphate-methane transition (SMT) zone
at 3.5 m below the mound top. Cruises in summer 2004 and 2005 have
confirmed these observations, and have expanded the exploration of this
cluster of mounds.

The high amount of data, acquired recently in these new mound settings
on the Moroccan margin, asks for a comprehensive review which will be
presented in this chapter. These data formed the base for a new IODP
Proposal 673-Pre, now admitted to the stage of a full proposal, focusing
on the non-buried mounds on the Pen Duick Escarpment, off Morocco
(Henriet and Dullo 2005).

8.1 General setting

8.1.1 Geological setting

The Gulf of Cadiz is situated west of Gibraltar between 9°W to 6°45'W
and 34°N to 37°15'N, enclosed by the Iberian Peninsula and Morocco (Fig.
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8.1A). The geological setting of the Gulf of Cadiz is complex and still un-
der debate (Sartori et al. 1994; Maldonado et al. 1999; Gutscher et al.
2002). The area is characterized by the presence of an accretionary wedge
formed by a westward motion of the front of the Gibraltar Arc (the Betic-
Rif mountain chain) during the Middle Miocene. Formation of a large olis-
tostrome complex (allochthonous nappes) took place during the Tortonian,
as a consequence of increased subsidence (Maldonado et al. 1999). The
African-Eurasian convergence since the Cenozoic yields a compressional-
transpressional tectonic regime, reactivating many normal faults and caus-
ing widespread diapirism in the north of the Gulf of Cadiz (Berastegui et
al. 1998; Somoza et al. 2003). The main part of the olistostrome unit oc-
cupies the central part of the Gulf of Cadiz as a lobe-shaped structure, ex-
tending over 300 km into the Atlantic Ocean (Maldonado et al. 1999; So-
moza et al. 2003).

The study area, EI Arraiche mud volcano field, is situated 35 km off-
shore the north-western Moroccan margin, on top of the accretionary
wedge of the Gulf of Cadiz (Van Rensbergen et al. 2005a). The bathym-
etry is increasing from 200 m to 800 m at the north-western Moroccan
continental slope. The study area is characterized by extensional tectonics,
in contrast to the main part of the Gulf of Cadiz. This is expressed as large
rotated blocks bound by lystric faults that created Plio-Pleistocene depo-
centres (Flinch 1993, 1996). In El Arraiche mud volcano field these rotated
blocks are expressed at the sea-floor as two sub-parallel ridges, Vernadsky
and Renard Ridges, both with steep fault escarpments, as exemplified by
Pen Duick Escarpment (PDE) on Renard Ridge (Fig. 8.1B). The ridges rise
up in water depths of about 700 m and stretch to the shelf edge. Eight mud
volcanoes are clustered around these ridges, positioned above large normal
faults that bound the rotated blocks and serve as fluid migration pathways
fuelling the mud volcanoes (Van Rensbergen et al. 2005a) (Fig. 8.1B). The
source of the overpressured fluids is believed to be located at the base of
the accretionary wedge body since rock clasts in the mud breccia are re-
ported to be of an age up to Early Eocene (Ovsyannikov et al. 2003). The
onset of mud volcano activity in the El Arraiche mud volcano field is esti-
mated at about 2.4 Ma. Since the Upper Pliocene, episodic expulsion of
liquidized sediment created vertical piles of extruded mud up to 500 m
thick (Van Rensbergen et al. 2005a).

Fig. 8.1 A Location of the study area "El Arraiche mud volcano field" (rectangle)
on the Moroccan margin. B 3D bathymetric map of the study area. The dashed
lines represent the mud volcanoes (MV) and the geomorphological structures. The
solid lines indicate the presence of the mound provinces (MP).
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Geophysical evidence of shallow gas and subsurface fluid flow has been
reported in the Gulf of Cadiz (Baraza and Ercilla 1996; Pinheiro et al.
2003; Somoza et al. 2003). Rodrigues and Cunha (2005) described cold-
seep communities in the area. The highest number of specimens in these
communities has been collected in the Moroccan sector, especially on mud
volcanoes that show evidence of relatively recent activity. Gas hydrates on
the Moroccan margin and in the Gulf of Cadiz have only been reported
from a small number of deep-water mud volcanoes (Gardner 2001; Ken-
yon et al. 2001; Mazurenko et al. 2003; Pinheiro et al. 2003). Depreiter et
al. (2005b) observed anomalous reflections ("H-event™) on seismic profiles
in the shallow mud volcanoes on the Moroccan margin. This event was
mapped in the Mercator mud volcano and interpreted as the base of a gas
hydrate stability zone (Depreiter et al. 2005b). During the CADIPOR 11
cruise with the R/V Belgica in 2005, an active "brown smoker" chimney
was for the first time reported on Mercator mud volcano in a water depth
of about 400 m, which can be possible linked with the disintegration of a
gas hydrate layer between the sea-floor and a subsurface level that is de-
pendent on pressure and temperature (Depreiter et al. 2005b; Van Rooij et
al. 2005). Stadnitskaia et al. (2006) investigated molecular and carbon iso-
topic variability of hydrocarbon gases from methane through butanes on
deeper mud volcanoes in the Gulf of Cadiz and found that the gas groups
are allochthonous to the erupted mud breccia and represent a complex of
secondary migrated, mixed and microbially altered hydrocarbons. It may
possibly imply the presence of hydrocarbon accumulations in the deep
subsurface of the Gulf of Cadiz. Analyses of carbonate crusts and chim-
neys from the Moroccan continental margin demonstrate the influence of
different parental fluids, including seawater, Fe-charged deep fluids and
fluids derived from the destabilization of gas hydrates (De Boever et al.
2004) as well as a wide variety of carbon sources, ranging from biogenic
methane, organic matter derived carbon to marine CO, (Depreiter et al. in

prep.).

8.2.2 Oceanographic setting

The present-day oceanographic circulation in the Gulf of Cadiz is con-
trolled by the exchange of water masses through the Strait of Gibraltar and
by the interaction of Mediterranean Outflow Water (MOW) with the At-
lantic circulation. The highly saline and warm near-bottom MOW flows
into the Atlantic Ocean below the less saline, surficial Atlantic Inflow Wa-
ter (Al) that enters the Mediterranean Sea (Madelain 1970; Thorpe 1976;
Ochoa and Bray 1991; Baringer and Price 1999) (Fig. 8.2A).
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The Al is composed of North Atlantic Superficial Water (NASW) flow-
ing between the surface and a water depth around 100 m and North Atlan-
tic Central Water (NACW) extending between 100 and 700 m (Caralp
1988) (Fig. 8.2A). The North Atlantic Central Waters stretch down to at
least the level of minimum salinity, some 36.0 salinity units at the Gulf's
northern and eastern ends, and down to 35.6 salinity units at its southern
end (Ochoa and Bray 1991; Mauritzen et al. 2001; Ambar et al. 2002).
This level is located at about 300 m depth at the outflow from the strait
(6.5°W) but reaches about 600 to 700 m in the outer and southern portions
(Machin et al. 2006). The general surface circulation in the Gulf of Cadiz
is anticyclonic with short-term, meteorologically induced variations in the
upper layer. It must be considered in relation to the north-eastern Atlantic
circulation. Recent numerical models (Johnson and Stevens 2000) indicate
the significance of the Azores current, a southern branch of the Gulf
Stream passing just south of the Azores, in the Gulf of Cadiz. The Azores
current splits into a northern branch along 35 °N, which meanders east-
ward towards the Gulf of Cadiz and a second branch, which continues
south-eastward towards the Canary Islands. The surface circulation in the
Gulf of Cadiz could be understood as the last meander of the Azores cur-
rent. Mittelstaedt (1991) reviewed the eastern boundary Canary current,
which flows along the coast of Africa and through the Canary archipelago.
This boundary current is associated with coastal upwelling, filaments and
eddies. The upwelling along the African coast in certain periods is caused
by enhanced trade winds (Meincke 2002). However, Wooster et al.
(1976), Nykjaer and Van Camp (1994) and Hernandez-Guerra and Nykjaer
(1997) show the lack of coastal upwelling north of 33°N. The surface cir-
culation pattern in the Gulf of Cadiz is also the direct result of local wind
forcing (Garcia-Lafuente et al. 2006). Wind forcing is responsible for the
presence of upwelling regions off its northern margin, with prominent
filaments emanating from Capes St. Vincent and St. Maria (Ruiz and
Navarro 2006) (Fig. 8.2A).

Below NACW, Mediterranean Water is present. After having passed the
Strait of Gibraltar, the MOW undergoes a decrease in temperature, salinity
and velocity caused by its rapid mixing with NACW. It then divides into
two main cores west of 6°20'W: a Mediterranean Upper Core (MU) and a
Mediterranean Lower Core (ML). The upper core is a geostrophically
steered current following a northward path along the Spanish and Portu-
guese continental margin between 400 and 800 m water depth. The lower
core is a more ageostrophical current flowing at depths between 800 and
1300 m (Zenk and Armi 1990; Baringer 1993; Bower et al. 1997). This
lower core is influenced by the morphology of the slope and divided in
three minor branches between the Cadiz and the Huelva meridians (6°20'-
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7°) (Kenyon and Belderson 1973; Melieres 1974; Nelson et al. 1999; Her-
nandez-Molina et al. 2003): (a) Intermediate Branch (IB), (b) Principal
Branch (PB) and a (c) Southern Branch (SB) (Fig. 8.2A). It has to be men-
tioned that at Cape St. Vincent the undercurrents veer northwards and be-
come unstable enough to often produce deep anticyclones, called meddies
(Bower et al. 1995; Sadoux et al. 2000). Meddies, containing a core of
salty and warm Mediterranean Water, are typically 20-100 km in diameter
and 200-1000 m thick, centred about 1000 m depth. Richardson et al.
(1989) estimated that 8-12 meddies form each year based on estimates of
the numbers of coexisting meddies and there average lifetime (2-3 years),
and that they may transport 25% of the salinity anomaly flux that comes
through the Strait of Gibraltar. Bower et al. (1997) have estimated a meddy
formation rate of 15-20 meddies per year, supporting the idea that a large
portion of the zonal salinity anomaly flux (about 50%) is related to med-
dies. These meddies propagate south-westward from their site of genera-
tion (Zenk et al. 1992) and can live for several years and slowly dissipate
by mixing or brutally disappear by colliding with seamounts (Richardson
et al 1989, 2000). Hydrological measurements in 1999 revealed three ed-
dies in the Gulf of Cadiz, displaying substantial interactions: two meddies
(meddy Christine, S of Cape St. Vincent and meddy Isabelle close to the
Moroccan margin) and a deep cyclone, which is coupled with meddy Isa-
belle as a baroclinic dipole (N of meddy Isabelle and SE of meddy Chris-
tine) (Carton et al. 2002) (Fig. 8.2A).

North Atlantic Deep Water (NADW) is present below the MOW at
depths >1500 m (Fig. 8.2A) (Ambar et al. 2002). It flows from the
Greenland-Norwegian Sea region towards the south. This low-temperature
and low salinity water mass mixes partly with the saltier MOW in the Gulf
of Cadiz, flowing southwards down the eastern part of the Atlantic Ocean
(Knauss et al. 1978).

Fig. 8.2 A General circulation pattern in the Gulf of Cadiz (figure modified after
Thomson et al. 1999; Schénfeld and Zahn 2000; Carton et al. 2002; Hernandez-
Molina et al. 2003; Vanney and Ménanteau 2004; Llave et al. 2006; Ruiz and
Navarro 2006) with visualization of North Atlantic Surface Water (NASW), North
Atlantic Central Water (NACW), Mediterranean Outflow Water (MOW), North
Atlantic Deep Water (NADW), Azores Current, meddies, cyclones and upwelling
regions. B CTD-profile (temperature versus salinity) characterizing the different
water masses in the study area.
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Recent CTD-measurements and current measurements showed that El
Arraiche Mud Volcano Field along the Moroccan margin is mainly influ-
enced by NACW (with temperatures between 11-16 °C and salinities be-
tween 35.6-36.5 psu) (Fig. 8.2B). What uniquely characterizes the NACW
circulation pattern in this region is the existence of water inflow towards
the coastal region (Machin et al. 2006). The typical signature of MOW is
not clearly recorded in the study area but the temporarily influence of
MOW by meddies can not be excluded (Fig. 8.2B). Measurements with a
BOBO-Lander of the Netherlands Institute of Sea Research (N10Z), de-
ployed on top of Pen Duick Escarpment, showed the effect of internal
waves and tidal currents resulting in temperature changes of 0.5 degrees
and salinity changes of 0.05 %o (Mienis et al. 2005). The average bottom
current velocity is 10 cm/s but it reaches peak values up to 15 cm/s. Both,
intermediate (250-300 m) and bottom nepheloid layers are present in the
study area (Mienis et al. 2004; de Haas et al. 2005).

8.2.3 Palaeoenvironmental setting

The circulation pattern and intensity of the MOW in the past is still under
discussion and not straightforward. Most of the studies focus on the Span-
ish and Portuguese margins, while the Moroccan margin remains ne-
glected. Since the middle of the Pliocene, the MOW had a strong influence
on the distribution of the water masses in the whole Gulf. Cacho et al.
(2000) propose an enhanced Mediterranean circulation during the Heinrich
event and Glacial Maximum conditions in comparison to warmer intervals.
Moreover, Barringer and Price (1999) suggest that a smaller and denser
MOW, which would mix more vigorously with North Atlantic waters, pre-
vailed during cool stages. However, the MOW volume was certainly lower
during the glacial sea level lowstands (Bryden and Stommel 1984; Zahn et
al. 1997; Matthiesen and Haines 1998). This setting results in a decrease in
water exchange between the Mediterranean Sea and the Atlantic Ocean
(Duplessy et al. 1988). On the other hand, due to the reduced exchange and
a generally dryer Mediterranean Sea, the glacial MOW has a significantly
higher salinity and density (Schénfeld 1997; Zahn et al. 1997; Cacho et al.
2000). So, during these times, an intensive and deeper MOW s created
(Thomson et al. 1999; Schonfeld and Zahn 2000). Llave et al. (2006) sug-
gested a variable spatial influence of the MOW during each climatic stage:
an enhancement of the lower MOW branch during climatic cooling and a
stronger upper MOW branch circulation during warm intervals.

Recent studies on a core localized in the El Arraiche mud volcano field
between Renard Ridge and Vernadsky Ridge have shown the impact of
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Late Quaternary variations in this area (Vanneste 2005; Mertens et al.
2006). A glacial and interglacial period can be clearly recognized in geo-
chemical proxies (TOC, CaCOs), XRF analysis (K, Mg, Fe) and stable iso-
topic analysis on planktonic and benthic foraminifera (%0, & *3C), but also
in abundances of coccoliths and more particularly Emiliania huxleyi
(Mertens et al., 2006). Grain size analyses show a variable trend, with finer
material deposited during the Holocene (with an average sedimentation
rate of 18.5 cm/ka) and coarser material characterizing the last glacial pe-
riod (Foubert et al. 2005b). Clay mineralogical analyses indicate that kao-
linite is the major component of the clay fraction, which can be associated
with aeolian input from the North African continent and/or input under the
control of currents from the Mediterranean Sea (Vanneste 2005).

8.3 Material and methodology

The multibeam bathymetry was acquired with a SIMRAD Kongsberg
EM1002, installed on board of R/V Belgica during the CADIPOR | and Il
cruises ("Gulf of CADiz — PORcupine Seabight Comparative Study") in
respectively 2002 and 2005. The data were recorded with a sailing speed
of 6 to 7 knots and swath widths ranging from c. 500 m in deep water to
700 m in shallow water. The beam angles were generally chosen quite nar-
row (20 to 30°), in order to focus the acoustic energy towards the relatively
large depth below the vessel. A spike filter of weak to medium strength
was switched on during acquisition. The data were corrected and cleaned
with the Kongsberg packages Merlin and Neptune. The footprint at 400 m
is 15 x 15 m. In total 725 km” was covered.

High-resolution seismic data were acquired during the CADIPOR I and
Il campaigns (R/V Belgica 2002, 2005) with a 80 electrode 500J sparker,
35 cubic inch Sodera GI gun and the Ifremer Deeptow Chirp Sonar Sys-
tem. The seismic profiles were digitally recorded using the Elics Delph
system. Data processing (swell-filter, band pass filter, deconvolution and
signal amplification) was done using Landmark Promax processing soft-
ware. Interpretation and mapping was executed in the Kingdom Suite
seismic interpretation software package (Seismic Micro-Technology, Inc.).

Sidescan sonar imagery (SSS) was collected with the MAK-1M deep-
towed hydro-acoustic complex on board of the R/V Logachev during the
TTR-12, TTR-14 and TTR-15 cruises in 2002, 2004 and 2005. The MAK-
1M deep-towed hydro-acoustic system contains a high-resolution sidescan
sonar operating at a frequency of 30 kHz, with a total swath range of 2 km
(1 km per side) and a subbottom profiler, operating at a frequency of 5



272 8 Carbonate mounds in the Gulf of Cadiz

kHz. The fish was towed at a constant altitude of about 100 m above the
sea-floor with a speed of 1.5-2 knots. The positioning of the tow-fish was
archived by using a short-based underwater navigation system. The data
were recorded digitally and stored in SEG-Y format. A time-variant gain
control was applied during the acquisition of the data. The processing of
the collected data (slant-range-to-ground-range (SLT) correction, geomet-
rical correction and smoothing average filtering) was carried out on board.

Video imagery was collected during the TTR12 cruise with R/V
Logachev (TVAT33 and TVAT36) and during the CADIPOR Il campaign
with R/V Belgica (c0505-video06) by using a deep-towed frame mounted
camera. The imagery was recorded on analog tapes, converted in digital
format and imported in a GIS system (Adélie-GIS 8.3).

6 Hammon grabs (B05-1212, B05-1211, B05-1209, B05-1208, B05-
1214 and B05-1215), 2 TV-guided grabs (AT407Gr, AT406Gr) and 1
dredge (AT574D) are used in this study to ground-truth the video material,
sidescan sonar imagery and multibeam. The samples were collected re-
spectively during the CADIPOR Il cruise (R/V Belgica 2005) and the
TTR-12 and TTR-15 campaigns (R/V Logachev 2002, 2005). One Kasten
core (MDO04-2804) was collected during the CADICOR cruise in 2004 on
board of the R/V Marion Dufresne to give insight into the mound struc-
tures on PDE. The Kasten core was opened and described in detail. Bulk
samples were taken each 20 cm for macro-faunal analysis. Six coral spe-
cies from the top of the core were sampled for U/Th dating. °Th/U dat-
ings were measured in the Laboratoire des Sciences du Climat et de I'Envi-
ronnement (LSCE) in Gif-sur-Yvette with a thermal ionization mass
spectrometer (Finnigan MAT262). Five cores (AT564G, AT534G,
AT570G, AT571G and AT572G) were acquired during respectively the
TTR14 and TTR15 cruises with the gravity corer on board of R/V
Logachev. The cores were opened and described in detail.

8.4 Data description and interpretation

8.4.1 Pen Duick Mound Province

Geomorphology

Extensive multibeam bathymetry and seismics along the top of PDE, a
fault-bounded cliff, revealed a series of elongated mounds and mound
clusters (Fig. 8.3). The mounds occur in water depths between 500 and 600
m and can measure up to 60 m in height. They are elongated in E-W direc-
tion, with a length of about half a kilometre. At the base of the cliff smaller
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mound patches are found, again characterized by an E-W orientation. A
NW-SE oriented moat delineates the base of the escarpment. Based on the
integration of bathymetry, seismic data and sidescan sonar imagery, so far
15 mound structures along the top of the cliff have been identified. The
south-west facing part of the cliff has a height of 65 m above the sediments
and an average slope gradient varying between 15 and 20 degrees. The
eastern edge of the cliff reaches slope gradients up to 25 degrees.

Video imagery and SSS

The integrated analysis of sidescan sonar (MAKAT 66-68), video imagery
(TVAT 33 and c0505-video06) and ground-truthing by surface coring
(AT407Gr, AT406Gr, B05-1212, B05-1211, B05-1209 and B05-1208) re-
vealed four distinctive facies (Fig. 8.3).

Facies 1 corresponds with sandy to silty clays (Fig. 8.3; Fig. 8.8C),
characterized by an even surface with some well-delineated patches of
cobble to boulder-sized stones. This facies presents the surface sediments
in between the different mounds and mound patches. On sidescan sonar
imagery it shows low backscatter strength with a very smooth surface.
These fine-grained deposits are associated with typical soft-bottom com-
munities (spiral anthipatharians, isidiid gorgonians and hexactinellid
sponges), as well as characterized by a high amount of burrows. Notewor-
thy is the presence of the bamboo coral Isidella elongata, colonizing the
soft substrate.

Facies 2 reveals cold-water corals, lying at the surface of the mounds
and mound patches along the crest of PDE. Most of the mounds are cov-
ered with dead coral fragments and sediment clogged dead coral rubble,
surrounded and overlaid by a layer of brownish silty mud (Fig. 8.8D). The
most common observed cold-water coral fragments are classified as Den-
drophyllia spp. (D. alternate, D. cornucopia and D. sp.), Lophelia pertusa,
Madrepora oculata, Desmophyllum cristagalli, and Caryophyllia calveri.
It is remarkable that at the south-eastern edge of PDE the surface units are
dominated by Dendrophyllia spp. (D. sp. and cornucopia) and some small
fragments of Stenocyathus vermiformis, as identified in box cores BO5-
1212 and B05-1211. Gravity coring (see below) shows that these upper
units, built up by mainly Dendrophyllia spp., are further down-core re-
placed by Lophelia pertusa and Madrepora oculata, associated with Des-
mophyllum cristagalli and Caryophyllia spp. Box cores B05-1209, B05-
1208 and grab AT406Gr learn that more west on Pen Duick Escarpment,
the dominating coral species are Lophelia pertusa, Madrepora oculata and
Dendrophyllia alternata. A high amount of macro-faunal and micro-faunal
life is associated with the cold-water coral fragments (crinoids, bryozoans,



274 8 Carbonate mounds in the Gulf of Cadiz

ophiurods, gastropods, molluscs, hydroids, serpulids, gorgonians, fo-
raminifers). Mass occurrences of crinoids are observed, using the dead
skeletons of cold-water corals as substrate. The cold-water coral patches
are characterized by a high backscatter strength and a clear acoustic
shadow on sidescan sonar imagery.

Facies 3 consists of carbonate crusts, boulders or hard rock covered by a
fine layer of hemipelagic mud (Fig. 8.8E). Boulder fields, rock outcrops
and outcropping carbonate crusts are a common feature in between the
mounds. Two distinct patches of carbonate slabs are observed in the east-
ern part of the TV-line TVAT33, respectively with a length of 11 m and 20
m (Fig. 8.3B). Depreiter et al. (in prep.) described these crusts as consist-
ing of light greyish to brownish well lithified to brittle host sediments, with
variable inclusions of bioclastic shells, coral fragments and bryozoans
(Fig. 8.8B). The formation of the carbonate crusts on PDE occurred in
equilibrium with seawater, probably under the influence of the upward mi-
gration of thermogenic hydrocarbons (Depreiter et al. in prep.). Solemyid
bivalve shells, brachiopods (Megerlia truncata), dendrophyllid corals,
anthipatharians, sponges and calcareous tube worms (Serpulidae) were ob-
served attached on the carbonate crusts. It should be noted that the domi-
nating cold-water corals associated with these carbonate crusts are mainly
Dendrophyllia spp. using fossil coral framework and carbonate crusts as
substrate. The bivalve Spondylus gussoni is often co-occurring with these
species on hard substrates.

Facies 4 is recognized on sidescan sonar imagery by its strong backscat-
ter. It corresponds with the scoured moat at the foot of the escarpment or
with a steep bank or slope, probably created by strong erosive alongslope
currents leaving behind a lag deposit of coarser material or dead cold-
water coral fragments.

Seismics

A very high resolution deeptow chirp seismic profile along the crest of
PDE (Fig. 8.4) shows the mounds as rounded cone shaped features, with a
height up to 60 m. No internal structures are observed. On some parts of
the profile, mostly between 1500 and 4000 metres along the distance axis,
subsurface reflections are recorded. Generally, the subsurface has a low
amplitude. The widely U-shaped geometry of the reflections is caused by
directional changes during the acquisition of the data (Fig. 8.3A). An ero-
sive surface below the mounds can be observed and is interpreted as the
mound base.
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Fig. 8.3 A Bathymetry (contour spacing is 5 m), sidescan sonar imagery and loca-
tion of the seismic profiles, core material and video lines in the Pen Duick Mound
Province. B Interpretation of sidescan sonar imagery (MAKAT 66-68), represent-
ing the four described facies.
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Fig. 8.4 CHIRP seismic profile (IFREMER) over Pen Duick Escarpment indicat-
ing the singular mounds topping the cliff and the erosive mound base surface (lo-
cation: see Fig. 8.3A).
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Fig. 8.5 A Sparker seismic profile perpendicular to the PDE, showing the mound
diffractions on the escarpment, the structural basement high (location: see Fig.
8.3). The inset represents some small buried mounds occurring in the sediments at
the foot of the escarpment. B Set of Sparker seismic profiles over Renard Ridge
(location: see Fig. 8.7). The structural basement, two faults and mound structures
can be recognized on the profiles.
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A profile perpendicular to the PDE shows medium to high amplitude
sequences, covering a low amplitude unit (Fig. 8.5A). The low amplitude
body has a very steep SW dipping slope beneath the escarpment. North-
wards, NE dipping reflections are observed in the low amplitude unit. The
low amplitude structural acoustic basement, which is part of Renard Ridge,
is eroded and crops out at the sea-floor. Diffractions at and above the out-
cropping basement are indicative for the occurrence of elevated mound
structures.

A small mound-like low amplitude body occurs in the high amplitude
sequences that cover the basement. Other profiles near the PDE also indi-
cated the presence of small mound-like features in the sedimentary se-
guences (inset Fig. 8.5A). Reflections are draping the features, indicating
that they are real physical structures. The small mounded features only oc-
cur upslope a set of small normal faults associated with gas blanking and
bright spots. A direct relation between the two observations is speculative.
The features may be interpreted as small buried mounds and could be an
indication of the onset of mound growth in the area.

Coring

Four cores, respectively a Kasten core MD04-2804 and three gravity cores
AT564G, AT534G and AT570G have been collected on PDE to give in-
sight into the mound structures (Fig. 8.3A). The mound cores display
throughout all their penetration depth a high number of reef-forming cold
water scleractinians like Lophelia pertusa, Madrepora oculata, Desmo-
phyllum cristagalli, Dendrophyllia spp. and Caryophyllia spp. in associa-
tion with numerous shell-bearing invertebrates formerly inhabiting the
econiches provided by the coral framework. Based on these observations,
every single mound structure on PDE can be interpreted as a cold-water
coral mound.

The Kasten core MD04-2804, with a core penetration of 594 cm, is lo-
cated on the mound cluster at the eastern edge of PDE at a water depth of
505 m (Fig. 8.3A). The whole core is characterized by cold-water coral
fragments embedded in brownish oxidized sandy silt to very fine sand in
the top 10 cm grading downwards in silty clays to clayey silts (Fig. 8.6).
The most common colonial cold-water coral species, Lophelia pertusa,
Madrepora oculata and Dendrophyllia spp., representing 90 percent of the
total coral content, are alternating in distinctive zones. The upper part, be-
tween 0 and 60 cm, is dominated by Dendrophyllia spp. (D. cornucopia
and D. sp.) in association with Stenocyathus vermiformis (forming small
well-preserved (fossil) specimens up to 2 cm long and 1 to 2 mm wide).
Less common in the upper part are Lophelia pertusa and Madrepora ocu-
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lata. Desmophyllum cristagalli occurs as big fragments (up to 5-6 cm) in
between the previously described species. Down-core, Lophelia pertusa
and Madrepora oculata are predominating, associated with some speci-
mens of Desmophyllum cristagalli and Caryophyllia sp.. Dendrophyllia
spp. is disappearing. As a result of bioerosion and chemical dissolution,
the preservation of the coral fragments is rather poor in certain units. In be-
tween 215 and 330 c¢cm the cold-water coral fragments are in a very bad
stage of preservation mainly due to chemical dissolution (Fig. 8.6). The
carbonate-content increases in the sediments below the unit where the cor-
als start to be heavily dissolved. The density of the coral fragments is
changing throughout the core.

Among the cold-water coral fragments, other invertebrate species could
be identified. Most of the reported species are known to live in association
with cold-water corals. Frequently occurring species were the bivalves
Lima marioni, Acesta excavata, Asperarca nodulosa, Delectopecten
vitreus, Pseudamussium sulcatum, Spondylus gussoni and Heteranomia
squamula, the gastropods Calliostoma cf. maurolici, Bursa ranelloides,
Alvania tomentosa, Alvania cimicoides and Amphissa acutecostata, the
brachiopod species Megerlia truncata and Terebratulina spp. as well as
several echinoderms, e.g. the echinoid Cidaris cidaris and mass occur-
rences of unidentified crinoids.

Some species of the molluscan association are indicative for an impor-
tant influence of MOW in the past. The bivalve species Lima marioni and
Spondylus gussoni are preferably occurring in areas with a clear influence
of MOW. Molluscan species such as the bivalves Microgloma tumidula
and Yoldiella wareni or the gastropod species Drilliola emendata and Al-
vania electa are mainly occurring in areas under the influence of MOW.
Another group of bivalves and gastropods occurring as associates in the
cold-water coral environments of the study area are noteworthy as repre-
sentatives of a local fauna not present in other cold-water coral environ-
ments further north. These species are either restricted to the Moroccan
margin, at least restricted to the Gulf of Cadiz area (e.g. the gastropod spe-
cies Alvania tomentosa, Neptunea contraria, Pseudosetia amydralox, Cris-
illa amphiglypha and Bittium watsoni) or are part of a fauna not extending
further north than the southernmost Bay of Biscay (e.g. Limopsis angusta,
Bursa ranelloides). These species are of high importance for palaeoenvi-
ronmental or palaeoceanographic reconstructions as they are not reported
from any other cold-water coral site along the European continental mar-
gin. The large bivalve Acesta exavata, on the other hand, implies a clearly
boreal influence, nowadays known to be a common and abundant associate
to cold water coral reefs along the Norwegian margin.
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Pore water analysis evidences a sharp sulphate-methane transition
(SMT) zone at 3.5 m below the mound top, whereas the depth of no sul-
phate is much deeper in the surrounding sediments (Maignien et al., in
prep.). The horizon characterized by a strong corrosion of the coral frag-
ments is just lying above and at the front of the recent location of the zone
of anaerobic methane oxidation (AOM). The AOM horizon is associated
with carbonate release into the sediments (Fig. 8.6).

Due to the alteration of the cold-water coral fragments, absolute U/Th
dating should be questioned (U-series open system behaviour). However,
two U/Th datings at 10 and 50 cm core depth yielded confident ages of re-
spectively 290+20 ka and 320+36 ka. Radiocarbon dating on the bivalve
Acesta excavata, recovered from the top of the core, yielded ages from
more than 50.000 years BP (M. Lopez Correa pers. com.).

Gravity core AT564G is localized on the same mound cluster as core
MD04-2804 at a water depth of 538 m and has a recovery length of 219
cm (Fig. 8.3). The top of the sediments (0-15 cm) consists of brownish wa-
ter-saturated very fine sand with coral fragments (Fig. 8.6), dominated by
Dendrophyllia spp. in association with Lophelia pertusa and Madrepora
oculata. As in core MDO04-2804, also Stenocyathus vermiformis, well-
preserved Desmophyllum cristagalli and some Caryophyllia spp. frag-
ments are reported in the upper part. The remaining part of the core is rep-
resented by a 200 cm thick horizon of silty clay to clayey silt, with a high
amount of Lophelia pertusa in alternation with Madrepora oculata. Den-
drophyllia spp. are missing again, while Desmophyllum cristagalli and
Caryophyllia spp. are still present in minor quantities. The density of the
coral fragments is changing throughout the core. The preservation of the
coral fragments is only fair but a well-delineated zone of very badly pre-
served coral fragments could not be detected. Throughout the succession
bioturbations and burrows filled with (soupy) water-saturated clays are ob-
served. Between 116-125 ¢cm and 154-165 c¢cm, an accumulation of smaller
coral fragments is noted.

Fig. 8.6 Description of Kasten core MD04-2804 and gravity cores AT564G,
AT570G and AT534G located in the Pen Duick Mound Province and gravity
cores AT571G and AT572G, located in the Renard Mound Province. Pore water
analysis (sulphate, sulphide, methane and CO,) and core images are shown for
core MDO04-2804. The picture represents an altered bivalve species (Acesta exca-
vata), recovered from core AT570G.



282 8 Carbonate mounds in the Gulf of Cadiz

Another core, situated at the south-eastern flank of the same mound
cluster as described before and at a water depth of 580 m, is gravity core
AT570G. It has a recovery length of 385 cm (Fig. 8.3). The upper 30 cm
are characterized by cold-water coral fragments (dominated by Dendro-
phyllia spp.) embedded in a brownish silty matrix (Fig. 8.6). Between 0
and 93 cm the brownish silty sediments are grading into greyish silty clays,
while the embedded cold-water coral fragments become dominated by the
species Lophelia pertusa and Madrepora oculata. The amount of coral de-
bris is denser at respectively 15-25 cm and 41-80 cm. At 63 cm, a 10 cm
big bivalve Acesta excavata was recovered. From 93 cm to 174 cm, cold-
water coral fragments embedded in a grey clayey matrix become more and
more dissolved (especially between 147 and 174 cm). A remarkable obser-
vation is the presence of mud breccia and mud clasts between 174 and 385
cm. From 174 to 231 cm, some coral fragments are still present between
the mud breccia and the clay but they disappear completely below this
zone.

Gravity core AT534G is retrieved from a mound at the western edge of
PDE at a water depth of 550 m (Fig. 8.3). It has a total length of 395 cm.
The presence of large cold-water coral fragments, mainly Lophelia pertusa
associated with Madrepora oculata and big fragments of Desmophyllum
cristagalli (up to 3 cm length) in a greyish brown silty matrix are charac-
terizing the uppermost 10 cm of the core (Fig. 8.6). Dendrophyllia spp. (D.
cornucopia and D. sp.) are not present anymore, as observed in AT564G
and MD04-2804. Some fragments of Dendrophyllia alternata could be
identified. Between 10 and 37 cm the silty sediments go over in silty clay.
This silty clay is present through the whole core unit until the base,
whereas the amount of coral fragments (mainly Lophelia pertusa) is de-
creasing downwards. The bottom part of the core (from 330 cm to bottom)
is free of coral fragments. The preservation of the coral fragments
throughout the core is rather good.

8.4.2 Renard Mound Province

Geomorphology

The western edge of Renard Ridge forms a structural high where cold-
water corals probably started to build up mound-like structures (Fig. 8.7).
The western part of the ridge has a height of 100 m above the sea-floor.
The top of the ridge is covered with mound clusters and single mounds oc-
curring in water depths between 550 and 700 m. Single mounds are reach-
ing a height up to 30 m. The mounds are smaller than the mounds reported
along the PDE. Cold-water coral patches are present on the sediments
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flanking the western and south-western sides of the ridge. The total
amount of mounds and cold-water coral patches can be estimated at 65. As
observed on PDE, the mounds and patches are elongated. A clear E-W ori-
ented moat is present at the north-eastern part of the ridge which shows a
slope inclination of 23 degrees.

Video imagery and SSS

The combination of sidescan sonar imagery (MAKAT 75) and ROV video
imagery (TVAT 36) made it possible to delineate the different patches and
mounds covered with mainly dead cold-water coral fragments, identified
as Lophelia pertusa, Madrepora oculata and some Dendrophyllia alter-
nata. It corresponds with facies 3 as described on PDE (Figs. 8.7, 8.8). It
should be noted that the corals are more densely branched and form higher
frameworks in comparison to PDE, where most of the corals are present at
the sea-floor as smaller fragments and branches. Anthipatharians, large
reddish alcyonaceans, sponges and many crinoids use the dead cold-water
coral fragments as substrate.

Facies 1, consisting of sandy to silty mud, is draped over whole the
ridge and forms the main facies between the mounds and cold-water coral
patches (Figs. 8.7, 8.8). As on PDE, this mud layer is colonized by typical
soft-bottom communities (spiral anthipatharians, isidiid gorgonians and
hexactinellid sponges). Bioturbation and burrows are common. Some
boulders, colonized by benthic epifauna, are present between the mounds.

Seismics

A set of seismic profiles, jointly shown in Fig. 8.5B, shows the occurrence
of many mounded features at the culminations of the low-amplitude acous-
tic (and structural) basement. The two sides of the profile are mirrored sec-
tions of the ridge — the ends of the profile are located north, the central part
of the profile south (Fig. 8.7). The presence of at least two large normal
faults can be inferred from the data. A first fault occurs at the northern side
of the ridge and dips towards the north. At the surface, the basement crops
out. Along the ridge, elevated features are indicating the presence of
mound structures. Further southwards, a second normal fault with a large
offset again disrupts the sea-floor. A large set of diffractions is again inter-
preted as the presence of mounds on top of the outcropping basement. The
height of the mounds reaches several tens of metres.
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Fig. 8.7 A Bathymetry (contour spacing is 5 m), sidescan sonar imagery and loca-
tion of the seismic profiles, core material and video line in the Renard Mound
Province. B Interpretation of sidescan sonar imagery (MAKAT 75), representing

two distinctive facies.
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Fig. 8.8 A Cold-water coral Dendrophyllia alternata attached on carbonate chim-
ney (station AT574D). B Benthic epifauna (bivalves (Spondylidae, Spondylus
gussoni), brachiopods (Megerlia truncata), sponge and calcareous tube worms
(Serpulidae) attached on carbonate crust (station AT407Gr). C Video image repre-
senting silty mud colonized by spiral anthipatharians and isidiid gorgonians (~ fa-
cies 1). D Sediment clogged dead cold-water coral fragments (~ facies 2). E Video
image showing outcropping carbonate crusts, covered with a thin layer of silty
mud (~ facies 3).

Coring

Two gravity cores have been collected at the western edge of Renard
Ridge, respectively AT571G on top of a small mound on Renard Ridge
and AT572G on top of a cold-water coral patch in the sediments flanking
Renard Ridge (Fig. 8.7).

Gravity core AT571G has a recovery length of 581 ¢cm and is localized
on top of a small mound at a water depth of 580 m. Coral fragments are
present throughout whole the core length but the density of coral fragments
changes (Fig. 8.6). The main coral fragments are identified as Lophelia
pertusa and Madrepora oculata. Less abundant are the species Desmo-
phyllum cristagalli, Dendrophyllia alternata and Caryophyllia spp. The
determined species of the coral fragments are alternating in different
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zones, whereby in certain units Lophelia pertusa seems to dominate, while
in other zones Madrepora oculata takes the overhand. The matrix in the
upper 37 cm consists of brownish sandy silt going over in silty clay be-
coming more compact towards the bottom. Bioclastic fragments from bi-
valves, gastropodes, pteropodes, echinoids, crinoids, bryozoans, crusta-
ceans and serpulids are present between the coral fragments. Planktonic
and benthic foraminifera are common. Badly preserved and heavily dis-
solved coral fragments are frequently observed between 250 and 300 cm.
The colour of the sediments in which the corals are embedded becomes
lighter in and especially below this unit. This effect can be correlated with
a higher carbonate-content as observed in Kasten core MD04-2804.

Core AT572G, with a recovery length of 333 cm, is acquired on top of a
cold-water coral patch on the flank of Renard Ridge at a water depth of
712 m. Coral fragments are present in the upper 70 cm but their amount is
decreasing by going downwards (Fig. 8.6). The upper brownish sandy silt
(0-70 cm) grades into greyish silty clay to dark clay at the bottom. The
most abundant coral species are identified as Madrepora oculata and Lo-
phelia pertusa. The coral fragments in the upper zone are rather well pre-
served.

8.4.3 Vernadsky Mound Province

Geomorphology

The northern edge of Vernadsky Ridge is densely covered by small
mound-like structures while mound-like patches are found on the sedi-
ments flanking the ridge (Fig. 8.9). The mounds on top of the ridge reach
heights up to 50 m and widths up to 250 m. The mounds and mound
patches are elongated and seem to be lined up, following the structural
height. They occur in water depths between 700 and 500 m. The south-
western flank of the Vernadsky Ridge has a gentler slope than the north-
eastern flank, reaching maximum slope values of 21 to 23 degrees. A small
NW-SE directed moat is present at the south-western flank, while deeper
scoured moat structures are observed at the other side of the ridge. The to-
tal amount of mounds and cold-water coral patches on this northern edge
of the Vernadsky Ridge can be estimated at 130.

The central part of the Vernadsky Ridge consists also of a topographic
height, providing substrate for the settlement of benthic organisms. At the
edges, mound-like structures are recognized, which can be interpreted as
small NW-SE orientated mound patches. They have a similar acoustic sig-
nature on seismics and sidescan sonar imagery as the mound-like struc-
tures at the northern edge of Vernadsky Ridge (Fig. 8.9).
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Fig. 8.9 A Bathymetry (contour spacing is 5 m), sidescan sonar imagery and loca-
tion of the seismic profiles and core material in the Vernadsky Mound Province. B
Interpretation of sidescan sonar imagery (MAKAT 107-108), representing four
distinctive facies.
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SSS

Sidescan sonar imagery (MAKAT 107-108) revealed similar acoustic sig-
natures as observed on Renard Ridge and PDE (Fig. 8.9). The mound
structures and mound patches are characterized by a high backscatter
strength and a clear acoustic shadow, and can be interpreted as cold-water
coral carbonate mounds and/or cold-water coral patches (cfr. facies 2 on
PDE and Renard Ridge). In between the mound patches, a smooth surface
with low backscatter intensity is observed, corresponding with sandy to
silty clays (facies 1). Kidd mud volcano can be clearly delineated (Fig.
8.9). Another area with high backscatter intensity is located on top of Ver-
nadsky Ridge. Ground-truthing using a dredge (station AT574D), revealed
that this area with high backscatter corresponds with the presence of car-
bonate crusts and chimneys. Serpulids, Bivalvia (Spondylus gussoni),
bryozoans, dendrophyllid corals, etc. use the chimneys and crusts as sub-
strate to settle on (e.g. Fig. 8.8B: Dendrophyllia alternata attached on
chimney). Also the steep north-eastern flanks with their associated NW-SE
orientated scoured moats, are characterized by higher backscatter
strengths.

Seismics

Seismic profiles over the central part of the Vernadksy Ridge give insight
into its structure. Figure 8.10A shows the outcropping and eroded low-
amplitude acoustic basement being covered by younger sequences. Corre-
lation of the seismic data around the ridge culmination indicated that a
large normal fault had been active during the past. This has created an off-
set of about 400 metre at the ridge crest. Northwards of the large normal
fault, smaller faults are found, which could either be antithetics from the
main fault, or a consequence of sediment removal in the subsurface due to
mud volcano activity.

Fig. 8.10 A Sparker seismic profile over the central part of Vernadsky Ridge (lo-
cation: see fig. 9), showing the outcropping acoustic basement as well as a normal
fault and a set of smaller faults giving insight into the structure of the ridge. B
Sparker seismic profile over the central part of Vernadsky Ridge (location: see fig.
8.9), representing a set of diffractions on top of the basement, which can be inter-
preted as mound structures. C Set of seismic profiles over the northern part of
Vernadsky Ridge (location: see fig. 8.9), showing the dense population of differ-
ent mounds and mound patches and the structural basement highs separated by
small intraridge basins. D Sparker seismic profile in Al Idrisi Mound Province
(location: see fig. 8.11), representing the Al Idrisi Ridge and a set of small mound-
like features on the sediments burying the ridge.
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In the vicinity of this structurally active place, acoustic diffractions are
observed (Fig. 8.10B). Some diffractions clearly stand out above the sea-
floor and thus can be interpreted as mound structures.

The seismic data retrieved at the northern part of the Vernadksy Ridge
are densely populated by acoustic diffractions (Fig. 8.10C). Structural
basement highs are separating small intra-ridge basins. These are likely to
be fault controlled. Nearly the whole sea-floor reflection is obscured by
diffractions. The diffraction height runs up to 50 m and their width up to
200 m. These diffractions are again interpreted as mound diffractions, in-
dicating that nearly the whole seabed is covered with mound build-ups and
mound patches.

8.4.4 Al Idrisi Mound Province

Geomorphology and SSS

East of mud volcano Al Idrisi, patches on a much smaller scale are ob-
served (Fig. 8.11). They appear on multibeam bathymetry and sidescan so-
nar imagery as small E-W aligned mound-like features, not higher than 10
m and in rather shallow water depths (350 to 200 m). Ground-truthing by
Hammon grabs (B05-1214 and B05-1215) revealed that the structures are
covered with cold-water coral fragments, dominated nearly exclusively by
Lophelia pertusa and Madrepora oculata, embedded in brownish oxidized
silty clays, which grade into greyish and stiff silty clays.

Seismics

Below the Al Idrisi mud volcano, an anticline is buried below the sedimen-
tary sequences. The crest of the low amplitude basement, culminating at
less than 100 m below the sea-floor, is highly fractured and has collapsed
in response to sediment withdrawal by mud volcano activity (Van Rens-
bergen et al. 2005a). Several bright spots indicate the presence of gas in
the sediments at shallow positions.

Mound-like features with a low amplitude and chaotic internal facies are
topping the anticline culmination area at the sea-floor. Below the chaotic
facies, an erosive surface is present (Fig. 8.10D). The chaotic mounded
features can be interpreted as small coral patches, what is confirmed by
sampling. The erosive surface is interpreted as the base of the mounds.



8.5 Discussion 291

Fig. 8.11 Bathymetry (contour spacing is 5 m) and location of seismic profile and
core material in the Al Idrisi Mound Province. Inset presents the dead cold-water
coral fragments (mainly Lophelia pertusa and Madrepora oculata), recovered
from the surface.

8.5 Discussion

8.5.1 Initiation of cold-water coral growth (or settlement)

As shown before seismic data reveal a close association between the anti-
clinal ridges and mound structures. In El Arraiche mud volcano province,
cold-water coral mounds show to be closely related to the Renard, Ver-
nadsky and Al Idrisi Ridges. While Renard and Vernadsky Ridges show
nowadays outcropping basement, Al Idrisi Ridge is entirely buried, with
indications of gas occurrence in the sediments above the ridge. Two main
explanations for this co-occurrence between mounds and ridges seem to be
possible.

1. The erosive basement surface creates a prime hard substrate for coral
larvae to settle on. The more, by forming sea-floor elevations these
basement ridges create enhanced currents and thus a higher food
particle flux which forms the base for a highly active planktonic food
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chain, which is often regarded as an important factor in the process of
cold-water coral growth: “the highest on the elevation, the more food"
(Mortensen 2000; Freiwald et al. 2002; De Mol et al. 2002).
Moreover, the effect of tidal waves, as reported on PDE by Mienis et
al. (2004), may enhance seabed food supply. The external input of
nutrients driving cold-water coral growth is not the only factor
controlling mound build-up. Sediment input is another important fac-
tor for mound growth, whereby cold-water coral colonies on elevated
structures are baffling transported sediments to build up mounds
(Foubert et al. 2005a; Huvenne et al. 2005; Wheeler et al. 2005b).

2. As Al Idrisi Ridge does not show a clear topographic elevation that
would have favoured cold-water coral growth as explained in
scenario 1, the main reason for initial cold-water coral growth might
be the presence of a suitable settling ground. Because Al Idrisi Ridge
is clearly buried, with the cold-water coral build-ups not related to the
basement, hardgrounds may have been an initial substrate.
Hardgrounds could have been created by gas or fluid seepage
cementing partly the sea-floor or by erosive effects.

8.5.2 Extinction of cold-water corals

Another phenomenon is the widespread extinction of cold-water corals on
the Moroccan margin, Gulf of Cadiz. So far, no extensive live frame-work
building corals could be observed. In contrast, healthy living coral colonies
are observed on the Norwegian margins up to the north, in the Rockall
Trough and on the Rockall Bank, on the Porcupine Bank, in the Porcupine
Seabight, south of the Galicia bank and in single colonies on the Sea-
mounts off Portugal. The cold-water corals and their associated ecosys-
tems in the Mediterranean Sea are already in a stage of retirement since the
onset of the Holocene (Taviani et al. 2005). The coral fragments appearing
at the surface in the southern part of the Gulf of Cadiz are rather old,
reaching ages older than 300 ka (~MIS 9) at the south-eastern edge of Pen
Duick Escarpment.

However, the presence of clear mound structures built up by cold-water
corals evidences that in the recent geological past, environmental and
oceanographic conditions were suitable for prolific cold-water coral
growth. Before the onset of the recent interglacial conditions, the Gulf of
Cadiz was much more influenced by a North Atlantic regime (Vanney
2002), resulting in a descent of the polar front (until Portugal), decrease in
temperatures, lowering of the general sea level (100-120 m), influence of
icebergs and their associated ice rafted debris from the north (even up to
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south of the Gulf of Cadiz) (Heinrich events, Lebreiro et al. 1996). Under
these circumstances, probably more favourable conditions for cold-water
coral growth were present in the Gulf of Cadiz.

Llave et al. (2006) and Voelker et al. (2006) suggested that the lower
Mediterranean branch with a significantly higher salinity and density
(Schonfeld 1997; Zahn et al. 1997; Cacho et al. 2000), enhanced during
climatic coolings (glacials/stadials). This lower branch of intensive and
deeper MOW (Thomson et al. 1999; Schénfeld and Zahn 2000; Rogerson
2002) results in a stronger interaction with the sea-floor and higher current
velocities (Llave et al. 2006). The enhancement of the lower core of MOW
(mainly the Principal and Southern Branches) during previous glacial con-
ditions can have enhanced the formation of meddies (carriers of cells of
MOW with their full biological content), which have probably strongly in-
fluenced the Moroccan Margin. Several molluscan and foraminiferal spe-
cies co-occurring with the cold-water corals, as observed in the Kasten
core MD04-2804 and the surface box cores, belong to a Mediterranean
fauna. Moreover, the study of an off-mound core (Vanneste 2005) between
Renard Ridge and Vernadsky Ridge, showed the presence of coarser and
more reworked material during colder periods, indicating higher currents
which can be linked with the input of a more vigorous meddies and the in-
teraction of these meddies with NACW. These meddies and the interaction
of these meddies with NACW, are responsible for a fresh supply and a
higher flux of nutrients, which is positive for prolific cold-water coral
growth (Freiwald et al. 2002).

Nowadays, all the cold-water coral fragments and mounds are draped by
a fine layer of silty mud. The off-mound core between Renard Ridge and
Vernadsky Ridge is characterized by finer sediments since the onset of the
Holocene and a rather high sedimentation rate (18.5 cm/ka) could be cal-
culated for this period (Foubert et al. 2005b). Currents seem to be nowa-
days weaker than during colder periods. It can be postulated that a de-
crease in the food particle flux and higher sedimentation rates are
responsible for the dead of most of the cold-water coral colonies.

It is worth to mention that the environmental and oceanographic situa-
tion described for colder periods on the Moroccan margin, can be nowa-
days observed in well-delineated areas of PSB, where cold-water corals are
still alive (De Mol et al. 2002; Foubert et al. 2005a; Huvenne et al. 2005;
Wheeler et al. 2005b; see previous Chaps.). Current regimes in Porcupine
Seabight and along the Moroccan margin seem to be opposite to each other
during glacial and interglacial periods (at least for the most recent ones).
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8.5.3 Cold-water coral dissolution and carbonate precipitation

In the Gulf of Cadiz on the Moroccan margin, mounds built up by cold-
water corals occur in an area characterized by the presence of gas seepage
and subsurface fluid flow. However it should be noted that no direct rela-
tionship could be found between cold-water coral growth and fluid or gas
seepage.

The cold-water coral fragments embedded in the sediments, as observed
in well-delineated parts of the studied cores, are heavily dissolved. This
phenomenon is clearly observed in core MDO04-2804, whereby the cold-
water coral fragments are in a rather bad stage of preservation due to disso-
lution just above and at the front of the recent zone of anaerobic oxidation
of methane, whereas the zone of AOM corresponds with a release of car-
bonate in the surrounding sediments and so carbonate precipitation. This
can be explained by a pure diagenetic process (resulting from the fluxes in
pore water transport). Oxidation of organic matter alters the pH and the al-
kalinity of interstitial water and thus the diagenesis of carbonate minerals
(Tribble 1993). In general, model results indicate that mineral saturation
states decrease during oxic respiration (from release of carbonic acid) and
increase during sulphate reduction (from increase in alkalinity) (Jorgensen
1983; Reeburg 1983). The C:N ratio of the organic matter and the degree
to which sulphide precipitates as a mineral phase also affect the saturation
state with respect to carbonate minerals. Tribble (1993) suggested that the
aragonite saturation state initially drops but becomes oversaturated during
extensive sulphate reduction. A pattern of initial aragonite dissolution fol-
lowed by carbonate precipitation as a function of the extent of sulphate re-
duction can occur within reefs in a manner similar to that described for
sediments (Tribble 1993). Throughout this process the interstitial waters
keep close to equilibrium compositions with aragonite. This buffers the pH
of the waters. Because interstitial water in the reef has a short residence
time, the observed equilibration suggests rapid kinetics. A similar process
is noted in the mounds in Porcupine Seabight SW of Ireland, where no ob-
vious recent methane fluxes or seepage is noted but where extensive disso-
lution dominate on carbonate precipitation (Sect. 4.5.2). However, when a
flux of methane reaches the aerobic zone, aerobic methane oxidation takes
the overhand and drops the pH drastically, stimulating a net dissolution of
aragonite. During coupled anaerobic methane oxidation and sulphate re-
duction, HCO3; and HS™ are released, increasing the pH and so stimulating
a system that becomes oversaturated in respect to aragonite, resulting in
carbonate precipitation. So, focused and alternating fluxes of methane in
time can stimulate dissolution of cold-water corals in the aerobic zone and
precipitation of carbonate in the anaerobic zone. The presence of such a
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methane flux can explain the more extensive carbonate precipitation ob-
served in the mounds along the Moroccan margin, compared to the
mounds in the Porcupine Seabight.

A positive relationship between focused fluid flow and carbonate
mound distribution on the south-eastern edge of PDE is observed. This is
evidenced by the rather high sulphate gradient, with a methane oxidation
front at 3 m below the surface measured on core MD04-2804 (Maignien et
al. subm.). Three main reasons can be invoked to explain a higher internal
methane flux towards the mounds at the south-eastern edge of the ridge.
First of all, a mounded feature on a scarp or a hill on the seabed subjected
to rather strong peak currents will develop zones of high pressure at the
lows of the slopes and low pressure areas at or near the summit (Depreiter
et al. 2005a). This pressure effect would create a fluid migration from
deeper layers to the top of the structure. This effect will be enhanced at the
edges of a ridge, where higher pressure gradients are created. So, in this
view, the pumping of fluids in carbonate mound systems is driven by ex-
ternal currents. Another reason is the association of the mounds with the
ridges, and thus with the faults co-occurring with the ridges. Indeed, as ob-
served on the seismics, the ridges are partly fault-controlled. The faults can
be preferable pathways for fluids, canalizing the fluids towards the mounds
on top of the ridges. A third reason can be the influence by the recent erup-
tive activity of the neighbouring Gemini West mud volcano, focusing the
extrusion of fluids towards the mud volcano crater. Van Rensbergen et al.
(2005b) has shown that Gemini West mud volcano is one of the most ac-
tive mud volcanoes in the region, as it lacks a hemipelagic sediment drape
of fine mud (as observed over most of the mud volcanoes, mounds, car-
bonate slabs and covering the sea-floor in between the mounds) and it fea-
tures a shallow sulphate reduction zone (as observed in the Kasten core
MDO04-2804). The presence of mud breccia and mud clasts in gravity core
AT570G (at the south-eastern flank of a mound at the south-eastern edge
of PDE), confirms the influence of the recent activity of mud volcanoes on
this south-eastern edge. The mud breccia and clasts recovered in this core
are similar to the mud breccia and clasts recovered from cores on the
neighbouring mud volcanoes (Van Rensbergen et al. 2005b).

While cold-water coral growth has obviously nothing to do with seep-
age, the mounds they create by the interaction between sediment dynamics
and coral framework can be affected by internally controlled fluid fluxes.
The effects of coral alteration have to be further investigated in detail but
the positive effect of carbonate precipitation during sulphate reduction and
anaerobic methane oxidation on mound stabilization is noteworthy to men-
tion.
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8.5.4 Model for the development of carbonate mounds

By combining the observations, a three-phase mound development model
can be proposed for the mounds on the Moroccan margin:

1. In a first stage the cold-water corals start to colonize a suitable
substrate under specific environmental and oceanographic conditions,
positive for cold-water coral growth. The most important factor is the
presence of a planktonic food chain, based on a high primary
production and an enhanced food particle flux towards the sea-floor.
Elevated positions, creating enhanced currents and so a higher
nutrient flux, are preferable. Tidal currents have an additional positive
effect on the availability of planktonic food particles for cold-water
corals. Suitable substrates are cemented and/or eroded horizons or
carbonate crusts.

2. During a second phase, the interaction between sediments, currents
and cold-water corals plays an important role. As described in
Porcupine Seabight, sedimentation and hydrodynamics regulated by
oceanographic and climatic changes are crucial in mound
development (De Mol et al. 2005; Dorschel et al. 2005; Foubert et al.
2005a; Frank et al. 2005; Huvenne et al. 2005; Riiggeberg et al. 2005,
2007; Wheeler et al. 2005b; previous Chaps.). The initial cold-water
coral frameworks start to baffle sediments under certain current
regimes, a crucial phase to build up cold-water coral mounds. In this
phase, coral colony development and sediment baffling proceed in
harmony. When sedimentation prevails, cold-water corals can be
buried. On the contrary, when no sediments are available the polyps
can be kept sediment-free and cold-water corals can build healthy
reef frameworks (cold-water coral reefs) up to several metres high,
as observed on the Norwegian margins (Freiwald et al. 2002).

3.In a last phase, when the cold-water corals are embedded in a
sediment-rich matrix and when an initial mound structure is already
built, fluid seepage and fluxes in pore water transport affects the built
structures by diagenetic processes, resulting in cold-water coral
dissolution and/or carbonate precipitation. During this stage, it can be
said that the cold-water coral mounds (characterized by cold-water
corals embedded in a sediment-rich matrix) develop partly towards
carbonate mounds, whereby the carbonate precipitation is
responsible for the mound stabilization. It should be mentioned that
the last phase can be concurrent with phase 2. A continuous
interaction between the different phases is responsible for the final
character of the mound structures.
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Summary

The mound and mound patches in EI Arraiche mud volcano field can be
divided in four well-delineated provinces: Pen Duick Mound Province,
Renard Mound Province, Vernadsky Mound Province and Al Idrisi
Mound Province. The mounds are highest and most developed on PDE,
while the Al Idrisi patches are just characterized by small elevated struc-
tures (up to 3 m). The Renard Mounds and Vernadsky Mounds have many
similarities, whereby most of the mounds are observed on top of the ridges
and fading out mound patches are colonizing the sediments burying the
flanks of the ridges. The seismic data confirmed a close association be-
tween the anticlinal ridges at or below the sea-floor, and the mound
structures built up by cold-water corals on the sea-floor.

The gravity cores, box cores and video imagery display a high number
of reef-forming cold water scleractinians with numerous faunal associ-
ates formerly inhabiting the econiches provided by the coral framework.
Temporal and spatial variations are observed in the dominance of the
different cold-water coral species. Under present interglacial environ-
mental and oceanographic conditions, no healthy live coral reefs could be
observed. However, environmental and oceanographic conditions during
colder periods (glacials/stadial) where probably more favourable for
cold-water coral growth. Meddies, anticyclonic cells of MOW, and the
interaction of these meddies with NACW, could have played hereby a ma-
jor role.

Fluid seepage can affect the built mound structures by diagenetic
processes, resulting in cold-water coral dissolution and carbonate pre-
cipitation. However, no obvious relation between cold-water coral growth
and seepage is observed.

A three-phase model for the mound development on the Moroccan
margin can be proposed. During a first phase the cold-water corals start to
colonize suitable substrates under specific environmental and oceano-
graphic conditions positive for cold-water coral growth. In a second stage,
the cold-water coral frameworks start to baffle sediments regulated by en-
vironmental changes and build up cold-water coral mounds. During the
last phase, fluid seepage affects the initial structures by diagenetic
processes, resulting in cold-water coral dissolution and carbonate precipi-
tation. So, a cold-water coral mound, consisting of cold-water corals em-
bedded in a sediment-rich matrix, can become a carbonate mound by
diagenetic alteration. The continuous interaction between the last two
phases, which may be concurrent, is responsible for the final character of
the mounds.
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The presented work has tried to give the reader insights in the nature of
recent carbonate mounds. Challenger Mound, the first recent carbonate
mound drilled in history, during IODP Expedition Leg 307, has been cho-
sen as key site. The internal structure of Challenger Mound was studied
from a visual (Chap. 3), geochemical and geophysical (Chap. 4), and
magnetic (Chap. 5) viewpoint. The mound body plays a double role in the
deciphering of the story of mound formation - the "Mound Challenger
Code". On the one hand, the mound acts as a cyclic recorder of environ-
mental changes. On the other hand, the mound is an early transformer
which distorts a primary record into diagenetically altered signals. The
significance of the carbonate mound record was examined by the study of
other carbonate mound provinces along the continental margin (Chap. 6
and Chap. 8) and by an intensive look to the role which surface processes
play nowadays (Chap. 7).

In the following account, the main findings of this doctoral work are
summarized. These findings and statements are subsequently put in a "con-
troversial" light, before topping off the present volume with a brief look-
a'head.

9.1 Conclusions

9.1.1 Findings and statements

Based on the results presented and discussed in previous chapters, the fol-
lowing conclusions can be highlighted:

e The internal composition of Challenger Mound can be summarized as a
facies of cold-water coral fragments (mainly Lophelia pertusa and some
minor to rare occurrences of Madrepora oculata and Desmophyllum
cristagalli) and biogenic fragments embedded in an alternating biogenic
(carbonate-rich) to terrigenous (siliciclastic) matrix. The terrigenous
sediments are dominated by clay minerals (illite, kaolinite and chlorite)
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and silt-sized quartz with secondary potassium and plagioclase (albite)
feldspar. Western Ireland can be proposed as the primary source of
terrigenous, detrital material towards the Irish shelves. The biogenic
sediments are dominated by nannofossil ooze (coccoliths), evidencing
that the planktic factory seem to be important in providing carbonate
towards the Challenger carbonate mound system, and micro-bioclastic
(bio-detrital) fragments (foraminifera, sponge spiculae, radiolarian,
echinoderms, bivalves, gastropods,...).

o Cold-water coral fragments are present throughout the whole mound
body but in changing quantities, with an average surface quantity (2D)
estimated at 4.49% and an average volume quantity (3D) estimated at
7.81%.

e The porosity is mainly identified as a primary intergranular porosity in
the fine muddy matrix sediments. Porous and hollow skeletons are
responsible for a superimposed intragranular porosity. Dissolved cold-
water coral fragments can create a secondary moldic porosity and some
particular intervals seem to be sensitive to develop a kind of fracture
porosity.

e The cyclic record is induced by the continuous alternation between
terrigenous Fe-rich and clay-rich (siliciclastic) material and biogenic
Ca-rich material, suggesting a predominantly two-component
sedimentary environment. The cyclicity can be explained as driven by
glacial-interglacial changes, characterizing the northern hemisphere
during Quaternary periods.

e The mean carbonate content in Challenger Mound is estimated at
~49.60%.

e Early differential diagenesis overprints the primary environmental
cyclic record in particular in the Ca-rich intervals. Extensive coral
dissolution and the genesis of small-scaled semi-lithified layers are the
main diagenetic features observed in Challenger Mound. Low
cementation rates compared to extensive aragonite dissolution are
explained by an open system diagenetic model.

e A general evolution model for Challenger Mound and its surrounding
environment can be proposed, mainly based on magnetostratigraphic
interpretations:

1. In a first phase, identified as the pre-mound phase, the evolution of
the eastern margin of the Porcupine Seabight before the onset of
mound growth was studied. The mounds in the Belgica Mound
Province started to grow on an erosive unconformity probably caused
by a combination of uplifting of the continental margin and
associated changes in bottom current regimes. A Late Burdiglan
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(16.70 Ma) to Late Serravalian (12.01 Ma) age is attributed to the
sediments at Site U1318 immediately below the unconformity. These
sediments are deposited during the Middle Miocene Climatic
Optimum and a subsequent cooling phase around 13.60 Ma.

2. Challenger Mound started to grow between ~2.70 and ~2.50 Ma,
identified as the mound initiation phase. This onset of mound growth
coincides with the onset of the northern hemisphere glaciations.

3. The third phase of mound evolution occurred in two important mound
growth episodes:

- a vertical growth episode (vertical expansion of the mound)
from ~2.60 until ~2.00 Ma
- a horizontal growth episode (lateral expansion of the mound)
from ~2.00 Ma until ~1.60 Ma
Mean mound growth rates are ~13 cm/ka, with maximum growth
rates up to 52.60 cm/ka in the centre of the mound during distinctive
growth events. Such high peak growth rates make that carbonate
mounds act as excellent recorders of palaeoenvironmental changes.

4. Different observations pointed to the fact that Challenger Mound is
nowadays in a phase of mound decline. The switch towards more
intense and prolonged glacial states during the Mid-Pleistocene
Revolution (MPR) may have been responsible for the observed
mound decline. Extensive off-mound sedimentation started around
the same period, respectively at 475 ka and 550 ka at Sites U1316 and
U1318. The off-mound sediments can be interpreted as drift
sediments deposited mainly during the extensive glaciations after the
MPR as silty muddy contourites. Sediment lofting from density
currents generated from freshwater discharges can explain the
laminated horizons in the glacial silty muddy contourites. Dropstones
in the glacial deposits bear witness of ice rafting events. The
intercalation of small coarser intervals, represent interglacial or
interstadial sandy contourites deposited by vigorous bottom current
conditions during warmer periods whereby Mediterranean Outflow
Water (MOW) probably played an important role.

e A study of on-mound gravity cores made it possible to compare the up-
permost sediments on Challenger Mound (eastern margin of the Porcu-
pine Seabight, Belgica Mound Province) with the uppermost sediments
of Mound Perseverance (northern part of the Porcupine Seabight, Ma-
gellan Mound Province). While Challenger Mound is now in a stage of
mound decline with only some small reinitiating phases of cold-water
coral growth during interglacials or interstadials, the record full of
corals in the uppermost sediments on top of Mound Perseverance
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evidence a main growth phase during the Holocene resulting in mound
growth rates of 85 cm/ka. Not only during present times but also in the
past, both provinces, the Belgica Mound Province and the Magellan
Mound Province, show clear palaeoenvironmental differences.

e Small mound build-ups are recognized in between the giant Belgica
Mounds. The evolution of these Moira Mounds can be explained by the
interaction between cold-water coral growth and sediment baffling
through a positive feedback mechanism. It is assumed that such small
mound build-ups represent rather a way of cold-water coral growth
under stressed conditions than an initial phase of extensive mound
growth.

e Most of the Belgica Mounds are covered with sediment-clogged dead
coral rubble and dead cold-water coral fragments. Just a few "live"
mounds are encountered in the study area, with their summits and
western flanks covered with live coral frameworks. Bottom intensified
tidal diurnal currents seem to have a positive effect on these mounds by
providing the cold-water corals with enough nutrients and organic
particulate matter during peak velocities in the tidal cycle, and enough
quietness to allow finer material sinking down during velocity lows,
which is a factor of mound stabilization.

¢ A new cluster of mounds and mound patches has been discovered along
the Moroccan margin in EI Arraiche mud volcano field. Four well-
delineated provinces are recognized: the Pen Duick Mound Province (on
Pen Duick Escarpment), the Renard Mound Province (at the western
edge of Renard Ridge), the Vernadsky Mound Province (on the
Vernadsky Ridge), and the Al Idrisi Mound Province (above the Al
Idrisi Ridge). The seismic data confirmed a close association between
the anticlinal ridges at or below the sea-floor, and the mound structures
built up by cold-water corals on the sea-floor. Under present conditions,
no healthy live cold-water coral frameworks or mound structures
covered with live cold-water corals are observed, evidencing that the
mound structures are "dead" and probably relict structures of former
mound growth. Fluid seepage in the mounds on Pen Duick Escarpment
may have affected the built mound structures in a second phase.
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9.1.2 Controversy

Recent carbonate mounds: highly productive carbonate factories?

It can be questioned what the role is of recent deep-water carbonate
mounds in the global carbonate budget. The role of different carbonate fac-
tories was recently described by Schlager (2003) and well elucidated by
Mutti and Hallock (2003) with respect to nutrient and temperature gradi-
ents. Schlager (2003) postulated a model showing that marine carbonate
precipitation occurs in three basic modes: abiotic (or quasi abiotic), bioti-
cally induced, and biotically controlled. On a geological scale, these pre-
cipitation modes combine to form three benthic carbonate production sys-
tems or "factories": (1) tropical shallow-water factories, dominated by
biotically controlled (mainly photo-autotrophic) and abiotic precipitates,
(2) cool-water factories, dominated by biotically controlled (mainly hetero-
trophic) precipitates, and (3) mud mound factories, dominated by biotically
induced and abiotic precipitates (Schlager 2003). The term "carbonate fac-
tory" represents the space where carbonate sediment is produced but it also
represents the processes that lead to carbonate production (Tucker and
Wright 1990; James and Bourque 1992). Vecsei (2004) presented a new
estimate of global reefal carbonate production including the fore reefs,
while Dullo (2005) focused on the growth rates of modern corals in rela-
tion to modern reefs and the impact of shallow-water reefs in the global
budget of C0* and CO,.

Due to the scarcity of data and measurements, deep-water carbonate
mounds have been up to now excluded from any global carbonate budget
calculation. However, it can be supposed that deep-water coral reef and
carbonate mound systems do play an important role in the global carbonate
budget. Dorschel et al. (2007) proposed a first carbonate budget model for
Propeller Mound, one of the recent carbonate mounds encountered in the
Hovland Mound Province in the Porcupine Seabight. The authors con-
cluded that Propeller Mound has a carbonate content of >50% with the
carbonate to a significant amount consisting of fragments of the cold-water
corals Lophelia pertusa and Madrepora oculata. Mound growth rates be-
tween 6 and 7 cm/ka were calculated for the uppermost sediments. The ef-
fect of coral growth on the on-mound accumulation was estimated at about
~15%. A net accumulation for the last 175 ka accounted for only 0.3
glcm?/ka. However, these data were only revealing carbonate estimations
for the upper few metres of the mound.

Based on the combination of carbonate content estimates and coral
guantifications, the potential role of a recent carbonate mound, such as
Challenger Mound in the global carbonate budget can be discussed. The
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total carbonate content of Challenger Mound is estimated at ~50%. Car-
bonate is mainly present in the mound sediments as calcite and aragonite,
whereby calcite is mainly originating from nannofossil ooze, whereas ara-
gonite is mainly concentrated in the coral fragments. However, the contri-
bution of diagenetic calcite can not be neglected. Sediments at ODP Sites
980/981 (Feni Drift, Rockall Trough) deposited in the same time interval,
have an average calcium carbonate content of ~54%, which is similar to
the average amount of calcium carbonate content calculated for the Chal-
lenger Mound sediments. This suggests that the supposed high carbonate
contents encountered on the mound are not extremely high when compared
with similar sediments deposited during the same period. The particularity
lies in the carbonate contribution by cold-water coral fragments and asso-
ciated macro- and micro-bioclastic material. The total amount of coral
fragments is varying between 0% and 26.19%, with an average value of
7.81% based on three-dimensional X-ray computer tomographic analysis.
Two-dimensional analysis on surface pictures revealed a mean coral con-
tent of 4.46%, varying between 0% and 12.12%. However, these coral
guantifications are based on macro-scaled observations. Titschack et al.
(2006) made an attempt to incorporate in these coral quantification esti-
mates the amount of aragonite quantified by XRD analyses, revealing an
average coral or aragonite content of ~17%. So, the unique character of
Challenger Mound lies in the contribution of framework builders (the cold-
water corals), and the associated benthic fauna. The amount of carbonate
produced by the planktic factory is of major importance but not less than
observed in other sediments deposited during the same time period. The
more, the important fraction of siliciclastic material in Challenger Mound
seems to lower its carbonate budget drastically and the amount of cold-
water coral fragments is less than % of the total mound system. However,
it should be mentioned that the carbonate estimations and coral guantities
presented here are mean values of the whole mound system. As discussed
earlier the cyclic record is an important feature of Challenger Mound, sug-
gesting that Challenger Mound might be in certain time intervals a real
carbonate factory (as identified in the intervals rich in carbonate with val-
ues up to 70% carbonate), while during other time intervals Challenger
Mound does not seem to be a specific or extra-ordinary carbonate factory
at all. However, more research is necessary to fully address this topic.

On the other hand, Roberts et al. (2006) pointed to the potential risk of
ocean acidification, caused by rising atmospheric carbon dioxide levels, on
cold-water corals. Current research predicts that tropical coral calcification
would be reduced by up to 54% if atmospheric carbon dioxide doubled
(Caldeira and Wickett 2003). There have been no studies to examine these
effects on cold-water corals, but given the lowered carbonate saturation



9.1 Conclusions 305

state at higher latitudes and deeper waters, these species may be even more
vulnerable to ocean acidification (Roberts et al. 2006). In addition to the
effect acidification could have on coral calcification, modelling studies
suggest that the depth at which aragonite dissolves could shallow by sev-
eral hundreds of metres, thereby raising the prospect that areas once suit-
able for cold-water coral growth will become inhospitable (Orr et al. 2005;
Guinotte et al. 2006; Roberts et al. 2006). The effect on mound growth will
probably be that the main actors responsible for the framework of the
mound will be replaced once again, as observed by studies on ancient car-
bonate mound systems through time: "the actors change but the plays goes

on.

"Recent carbonate mounds" analogues for "ancient mud mounds"?

A lot of discussion is going on about the question to what extent the deep-
water carbonate mounds encountered nowadays along the European conti-
nental margin, may represent analogues for ancient mud mounds. How-
ever, such a comparison is a whole study on itself and has to be undertaken
with great caution. In this section, only some comments on the many at-
tempts to compare ancient mound systems with recent systems, will be
given.

Throughout this study, it became clear that recent deep-water carbonate
mound and reef systems show already a wide variety in structure and com-
position. The main framework builders in the studied system are
azooxanthellate scleractinian corals, including different dominating spe-
cies. Depending on the interaction of such cold-water corals with sedimen-
tary processes different kinds of structures can be built. Challenger Mound
can be interpreted as a carbonate mound system whereby the interaction
between cold-water corals and terrigenous (mainly clay minerals) and bio-
genic (mainly nannofossil ooze and biodetrital fragments) sediments seem
to be the main driving factor of mound growth. However, the mound is
nowadays in a stage of decline. The carbonate mounds encountered in the
Gulf of Cadiz are rather dead in terms of active mound growth but seem to
be affected nowadays by active fluid seepage having an important effect
on diagenetic pathways. On the other hand, extensive cold-water scler-
actinian coral reefs seem to flourish in Norwegian waters but no real
mounded structures, as observed in the Porcupine Seabight, and along the
Moroccan margin, are formed. One of the main objectives in future re-
search should be to elucidate the different forms of recent deep-water “car-
bonate mound"” and "reef" growth and to distinguish between these kinds
of growth structures. Until now, no reliable classification system exists for
these recent deep-water "reef" and "mound" systems and the classification
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systems used are adapted systems from the study of the well-known tropi-
cal reef systems and ancient mound and reef systems, complicating any at-
tempt for comparison. It can not be excluded that deep-water reefs can de-
velop towards deep-water carbonate mounds, hence proposing a holistic
model is not straightforward. As discussed in Sect. 3.6.2, the classification
system of Riding (2002) and Bourque (2004) is probably a suitable ap-
proach but mainly based on the study of ancient mound and reef systems.
Taking into account the basic precipitation modes, such as proposed by
Schlager (2003), may be another good point of departure for the classifica-
tion of these recent systems. However, it seems not always easy to draw a
straight line between biotically induced, abiotic or biotically controlled
precipitation (Schlager 2003). In addition, the cyclic record characterizing
Challenger Mound makes adequate naming not easy, as different facies are
following up each other in a rather fast way with even up to metre-scaled
alternations. Moreover, it has to be mentioned that most of the studied car-
bonate mound systems, such as Challenger Mound and the mound systems
along the Moroccan margin, seem to be in a stage of decline, suggesting
that the term “recent" should be used with caution.

When making an attempt to compare Challenger Mound with Palaeo-
zoic mud mounds, only similarities in terms of size and geometry can be
highlighted. The most striking differences can be summarized as follows:

¢ Palaeozoic mounds are composed almost entirely of carbonate muds and
skeletal material whereas Challenger Mound contains a substantial
siliciclastic component.

e The micritic carbonate component of the Challenger Mound is almost
entirely allochthonous nannoplankton. There is no evidence for a similar
planktonic origin of micrite in Palaeozoic mud mounds.

e Palaeozoic mud mounds bear evidence of extensive early diagenetic
lithification, brecciation, and marine cementation. These features seem
to be less pronounced in Challenger Mound. Stromatactis-like structures
as observed in Palaeozoic mounds are not present in Challenger Mound.

e The clear cyclic record encountered in Challenger Mound, is not ob-
served in ancient Palaeozoic mud mound systems.

However, more detailed studies should be undertaken to allow compari-
sons between these "on first sight" different systems. Ancient systems
should by restudied in view of new revelations in recent mound research,
while still a lot of energy has to be spent in elucidating the early diagenetic
pathways in recent mound systems in different environmental settings.
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Only then both paths in mound research, defined as "recent" and "ancient"
mound systems, might meet once in the future.

9.2 A look ahead

In the present volume, a first attempt is made to look literally into a recent
carbonate mound. However by debating the findings, it became clear that
there is still a long way to go before the whole carbonate mound system
will be fully understood. Different pathways in the jumble of mound re-
search are still unexplored and a lot of questions remain unanswered or
speculative. Particularly promising are investigations in the following di-
rections:

¢ Drilling one mound in one specific environmental setting is not enough
to elucidate the variety of processes playing a role in mound evolution.
Other drilling actions are necessary. IODP Proposal 673-Pre, now
admitted to the stage of a full proposal, is a step in the right direction to
drill the non-buried mounds on the Pen Duick Escarpment, off Morocco
(Henriet and Dullo 2005). ESF-founded projects such as
CARBONATE, will focus on the carbonate mounds in Rockall Trough
during the next years. Only by comparing different recent mound
systems in different settings, an appropriate classification system for
recent deep-water carbonate mounds and reefs can be established. This
step is important to allow comparison with ancient mound systems.

e Drilling Palaeozoic mud mounds over their full height is necessary to
allow an adequate comparison with recent carbonate mound systems.
Only similar sampling strategies will make it possible to study ancient
and recent mound systems from the same viewpoint.

o Multi-disciplinary research and interaction between carbonate
sedimentologists studying ancient carbonate build-ups and scientist
studying recent mound development processes is necessary to
understand both systems.

e Modeling studies in lab-specific environments can help in elucidating
mound initiation processes. The main control on mound initiation is not
yet unveiled.

e The sedimentological controls on cold-water coral growth should be
modeled. The detailed processes through which the biosphere interacts
with sedimentary processes might play a crucial role, whereby cold-
water coral reefs can be formed in cases with low sediment-input while
cold-water coral mounds seem to develop in environments with high
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sedimentation input. The role of sediments as limiting factor should be
studied in detail.

e The role of carbonate mounds as palaeoenvironmental recorders should
be checked on a global scale. As palaeoclimatic and palaeoceanographic
processes had an important influence on Challenger Mound, these
processes should have left their traces on carbonate mounds on a global
scale and similar cyclic records should be observed in other carbonate
mounds. In this way, the cyclic record in carbonate mounds might
become an important world-wide correlation tool.

e The influence of specific water masses and their effect on cold-water
coral growth and mound growth, in particular for specific environments
such as the Moroccan margin, should be studied in detail. The more, the
impact of bottom intensified diurnal tides on mound growth should be
further explored.

e During the main mound growth phase of Challenger Mound, no
sediments seem to have been deposited in the off-mound regions. The
reason why these off-mound sediments are not present or not preserved,
contrasting sharply with the extensive mound evolution phase, is still
not clear. More research, focusing on the lateral extension of the mound
base, can elucidate the answer.

e More detailed research is necessary to explain the extensive dissolution
versus really slow cementation processes in Challenger Mound. It has
been shown that early diagenesis plays a role in Challenger Mound but
the exact mechanisms are not yet understood. Such diagenetic research
is necessary to evaluate the reservoir qualities of these recent carbonate
mound systems.
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