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Summary

Impact of diagenesis on carbonate mound
formation

This thesis is devoted to define the parameters influencing cold-water coral growth
and therefore carbonate mound development with a focus on the impact of diagenesis
on mound sediments. The first part of this thesis (Chapters 2 to 4) discusses the dis-
tribution and growth history of carbonate mounds, the sedimentary processes lead-
ing to sediment accumulation at mound sites and the primary sediment composition
of cold-water coral carbonate mounds along the Irish margin. The second part of the
thesis (Chapters 5 to 7) elaborates on the post-depositional processes (diagenesis) af-
fecting mound sediments, the timing of these diagenetic processes and their impact
on carbonate mound development.

Piston cores obtained from mound summits were studied to determine paleo-en-
vironmental conditions influencing mound development. Component analysis, thin
section petrography and X-ray fluorescence scanning revealed the impact of diagenesis
in the form of dissolution and cementation of the coral framework. U-series dating
of coral skeletons and stable isotope measurements on foraminifera provided us with
a chrono stratigraphic framework for carbonate mound build-up. Coral ages showed
that large hiatuses are present in the mounds, which can be linked to multiple phases
of erosion or non-deposition in the mound history.

In Chapter 2 the morphology and sedimentology of carbonate mounds from two
mound provinces at the southeast and southwest margin of the Rockall Trough (RT)
(NE Atlantic Ocean) are investigated. Cold-wat er coral mounds on both margins have
a strongly different morphology. Single, isolated mounds occur on the SE RT margin
and are mainly found on the upper slope between 650 and 900 m water depth, while
large mound clusters are found on the SW RT margin in water depths between 600
and 1000 m, in a narrow zone almost parallel to the slope. Sedimentation rates on the
mounds are higher than on the surrounding seabed as a result of baffling of biogenic
carbonate debris and sediment particles by the coral framework. The three-dimen-
sional coral framework and the presence of extensive hardgrounds and firmgrounds
are considered to be responsible for the stability of the relatively steep slopes of the
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mounds. High current velocities in the intra-mound areas result in local non-sedimen-
tation and erosion, as is shown by the presence of IRD lag deposits on the seabed and
moats around some of the mounds. The morphology and sedimentology of cold-water
coral (mainly Lophelia pertusa and Madrepora oculata) covered mounds on the southern
RT margins is discussed and a model is presented describing the development of these
mounds.

Chapter 3 focuses on U-series dating of constructional cold-water corals. Dating of
the coral skeleton of Lophelia pertusa and Madrepora oculata from mounds along the
RT margin and in the Porcupine Seabight reveal that the Holocene (past 11 kyr) was
a period generally favourable for coral mound development. Vertical mound growth
rates are directly linked to the presence or absence of a dense coral cover at the mound
summits. During times of reduced coral growth or the absence of a coral framework,
mound growth rates are by far smaller. Periods favourable for coral growth on the SW
RT and in the Porcupine Seabight are related to overall climatic warm phases and coral
growth is largely reduced or even absent on mounds during cold phases such as glacial
periods.

Chapter 4 describes the accumulation of mainly carbonate sediment on a mound at
the SW RT margin. Photo and video surveys at this station show the presence of living
coral colonies on top of a thick layer of coral debris, which becomes slowly abraded and
bio-eroded. Component analysis of a piston core from a mound summit shows that
the coral framework is mainly filled with sediment composed of phytodetritus and
skeletal parts of fauna living at the mounds. The mound sediment record displays an
alternation of skeletal and cement dominated intervals. Dating of coral skeletons and
the oxygen stable isotope signature of planktonic and benthic foraminifera indicate a
continuous sedimentation pattern since the Younger Dryas. The older part of the core,
with mainly intermediate values of stable isotopes is dominated by the presence of
large hiatuses, of up to 200,000 yr. Hiatuses in the core possibly are linked to climate
change, which had a large effect on the ocean circulation patterns, thereby influencing
the local hydrodynamic regime, food supply and sedimentation patterns around the
carbonate mounds. This affected coral growth and therefore carbonate mound devel-
opment.

In Chapter 5 piston cores obtained at three mound crests reveal the complex in-
ternal structure of the mound build up, with alternating unlithified coral-dominated
intervals and lithified intervals. Coral ages obtained by U-series dating show the pres-
ence of several hiatuses in mound build-up. Down core X-ray fluorescence scanning
(XRF), computed tomography scan images and petrographic observations indicate
different degrees of diagenetic alteration. Aragonitic coral material is absent or only
present as mouldic porosity in the lithified intervals and coccoliths display widespread
calcite overgrowths. The dissolution of the unstable aragonitic coral skeletons is linked
to organic matter oxidation and the subsequent lowering of the saturation state of the
carbonate system. A model is presented describing the sedimentary and diagenetic
processes leading to the formation of lithified intervals.
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Chapter 6 focuses on the enrichment of redox-sensitive elements and the dissolu-
tion of primary magnetic ferric iron minerals in the depth interval below lithification
levels in carbonate mound sediments. By combining the magnetic susceptibility with
the XRF signal of Fe and Ti specifically, intervals with susceptibility variations related
to the conversion of strongly magnetic into weakly magnetic iron species were de-
fined. In all three studied cores a succession is recognised with a lithified interval with
aragonite dissolution and low-Mg calcite precipitates that is underlain by an interval
of magnetite dissolution and of iron and manganese enrichment. For the most recent
lithified interval it is demonstrated that initial lithification occurred before an ero-
sional regime was in place, most likely near the end of an interglacial or at the start of
glacial periods.

In Chapter 7 the carbonate mound development and sediment composition of the
mounds at the SW RT margin and the Galway Mound in the Porcupine Seabight are
compared. Differences in sediment composition between these mound provinces are
related to the local environmental conditions. Mound accumulation rates at the Gal-
way Mound are higher due to a higher influx of off-mound derived fine grained non-
carbonate sediments. At both locations mound growth has been continuous for the
last 11 kyr, before this period several hiatuses exist in the mound record. The most
recent hiatus can be traced across multiple mounds and mound provinces at the Irish
margin. At the SW RT margin these are associated with post-depositional aragonite
dissolution in and lithification of certain intervals, while at Galway Mound no lithifi-
cation occurs. This study shows that the influx and composition of material transport-
ed to carbonate mounds have a direct impact on the carbonate mound accumulation
rate and on post-depositional processes.

Chapter 8 (synthesis) describes and discusses the impact of diagenesis on carbon-
ate mound formation. It is debated whether lithified layers play a crucial role in car-
bonate mound development/vertical mound growth by providing a stable colonisation
surface for cold-water corals and by stabilising the steep mound flanks. The underly-
ing processes leading to post-depositional modifications are discussed, including their
link to climate cycles. Furthermore, a compilation of coral ages at the Irish margin
older than 11 kyr is shown.






Samenvatting

Invloed van diagenese op de ontwikkeling van
carbonaat heuvels

Dit proefschrift is gewijd aan het definiéren van de parameters, die invloed hebben op
de groei van koudwaterkoralen en daardoor op de ontwikkeling van carbonaat heuvels
(mounds). De nadruk in het proefschrift wordt gelegd op de invloed van diagenese
(omzetting) van de moundsedimenten. Het eerste deel van deze thesis (Hoofdstukken
2-4) behandelt de verspreiding en ontwikkelings geschiedenis van carbonaatheuvels,
van de sedimentaire processen die leiden tot accumulatie van sediment in moundge-
bieden en van de primaire samenstelling van de koudwaterkoraal mounds, die we op
de continentale rand en hellingen vinden ten westen van lerland. Het tweede deel van
het proefschrift (Hoofdstukken 5-7) richt zich op op de invloed van processen die plaats
vinden na afzetting van het sediment (diagenese) en het tijdsbestek waarin diagenese
plaats vindt. Verder wordt bepaald wat de gevolgen zijn van deze diagenetische proces-
sen voor de ontwikkeling van mounds.

Sedimentkernen, genomen op de toppen van verschillende mounds, zijn geanaly-
seerd om de (paleo-) omgevingscondities die de moundontwikkeling beinvloeden, te
reconstrueren. Bestudering van de sedimentsamenstelling, petrografische bestuder-
ing van slijpplaatjes van het gesteente en réntgenfluorescentie analyses van kernen
tonen de diagenetische processen aan, die tot oplossing en cementatie van de koraal-
structuur hebben geleid. Leeftijden van koraaltakken verkregen met Uranium-Thori-
umdatering en het stabiele zuurstof isotopen signaal van foraminiferen verschaffen
een chrono-stratigrafisch raamwerk voor de opbouw van de mounds. Er blijken grote
hiaten aanwezig te zijn in de moundopbouw, die gekoppeld kunnen worden aan ver-
schillende stadia van erosie of non-depositie in de geschiedenis van de mound op-
bouw.

In Hoofdstuk 2 worden de morfologische en sedimentologische eigenschappen
van carbonaatmounds in twee mound- gebieden, op respectievelijk de zuidoosteli-
jke en zuidwestelijke rand van de Rockall Trough (RT), in de NO Atlantische Oceaan
onderzocht. Koudwaterkoraalheuvels langs beide randen van de RT hebben een sterk
verschillende morfologie. Langs de zuidoostelijke rand worden voornamelijk alleen-
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staande, geisoleerde mounds gevonden op het hogere gedeelte van de helling, tussen
900 en 650 m water diepte. Op de zuidwestelijke RT rand komen mounds voor in
grote aaneengegroeide groepen, in waterdieptes tussen 600 en 1000 m in een smalle
zone parallel aan de helling. Sedimentatiesnelheden op de mounds zijn hoger dan op
de omringende zeebodem als gevolg van het invangen van fijnkorrelig biogeen detri-
tus en sedimentdeeltjes tussen de vertakkingen van koraalkolonies (het zogenaamde”
baffling” proces). De 3-dimensionale structuur van de koraalvertakkingen en de aan-
wezigheid van gecementeerde sedimentlagen (hardgrounds) zorgen voor de stabilit-
eit van de relatief steile hellingen van de mounds. Hoge stroomsnelheden tussen de
mounds zorgen lokaal voor non-sedimentatie en het optreden van erosie, zoals o.a.
blijkt uit de aanwezigheid van ice rafted debris (materiaal dat met ijsbergen is meegevo-
erd) op de zeebodem en het voorkomen van stroomgeulen langs en rond de mounds.
De morfologie en sedimentologie van de met koudwaterkoraal (voornamelijk Lophelia
pertusa en Madrepora oculata) begroeide mounds langs beide zijden van de RT wordt
besproken en zijn in een model samengevat dat de ontwikkeling van de mounds be-
schrijft.

Hoofdstuk 3 gaat in op de datering van koudwaterkoraal met behulp van de Urani-
um-Thorium dateringsmethode. Dateringen van koraaltakken van de koralen Lophelia
pertusa en Madrepora oculata laten zien dat gedurende de laatste 11.000 jaar de om-
gevings condities bevorderlijk zijn geweest voor koraalgroei op de mounds langs de
randen van de RT en van de Porcupine Seabight (zuidoostelijk van de RT). Er blijkt een
directe koppeling tussen de verticale moundgroei en de aan- of afwezigheid van een
dichte bedekking van koraalkolonies op de moundtoppen te bestaan. Groeisnelheden
van mounds blijken significant lager te zijn tijdens periodes met minder koraalgroei of
de afwezigheid van koraalkolonies. Periodes die gunstig zijn voor koraalgroei op de RT
hellingen en in de Porcupine Seabight zijn gerelateerd aan klimatologisch warme fases
en koraal groeit langzamer of is zelf afwezig gedurende koudere periodes zoals tijdens
glacialen.

Hoofdstuk 4 beschrijft de opeenvolging van sedimenten in een mound op de zuid-
westelijke rand van de RT. Foto en video onderzoek hier tonen de aanwezigheid van
levende koraal -kolonies aan, boven op een dikke laag koraalpuin. De koraalskeletten
zijn onderhevig aan bio-erosie en vallen daardoor langzaam uiteen. Analyse van de
bestanddelen van een sedimentkern van een moundtop op de zuidwestelijke RT rand
laat zien dat de ruimte tussen de koraalvertakkingen voornamelijk is opgevuld met
sedimenten die bestaan uit marien detritus en skelet fragmenten van de op de mound
aanwezige fauna. De sedimentaire opeenvolging van de mound bestaat uit een afwis-
seling van lagen met koraal- fragmenten en gecementeerde lagen. Sedimentatie is con-
tinu geweest sinds het Jonge Dryas-stadiaal, zoals aangetoond met dateringen van
koraaltakken en de stabiele zuurstof isotopen waardes van planktonische en bentische
foraminiferen. Het oudere gedeelte van de sedimenten in de kern heeft intermediaire
isotopen waardes en bevat grote hiaten met een tijdsduur tot 200.000 jaar. Deze hi-
aten zijn mogelijk gerelateerd aan vroegere veranderingen in het klimaat, die weer een
grote invloed hadden op de oceaan circulatie. Hierdoor werd het lokale hydrodyna-



Samenvatting

mische systeem beinvloed en daarmee de voedsel voorziening van de koralen evenals
de sedimentatie patronen op en rond de mounds. Dit had op zijn beurt effect op de
koraalgroei en daarmee de ontwikkeling van de carbonaatheuvels.

Sedimentkernen van drie verschillende moundtoppen laten de complexe interne
structuur van de mound opeenvolging zien (Hoofdstuk 5), met afwisselend niet-gece-
menteerde lagen met koraaltakken en versteende lagen. Koraalleeftijden verkregen
met Uranium-Thoriumdatering tonen de aanwezigheid van verschillende hiaten in de
mound opeenvolging aan. Réntgen fluorescentie (XRF), computed tomography (CT)
scans en petrografische observaties duiden op het voorkomen van verschillende gra-
daties van diagenetische omzetting in de sedimenten. Koraalmateriaal met een skelet
van aragoniet is afwezig of alleen aanwezig als holtes in de versteende lagen en in
deze versteende lagen zijn de coccolieten overgroeid met calciet. De oplossing van het
onstabiele aragoniet koraalskelet lijkt gerelateerd aan de oxidatie van organisch mate-
riaal. Oxidatie van organisch materiaal kan leiden tot verlaging van de verzadigings-
graad voor calciumcarbonaat met oplossing van aragoniet als gevolg. Er wordt een
model gepresenteerd dat de sedimentaire en diagenetische processen beschrijft die
leiden tot de vorming van de gecementeerde lagen.

Hoofdstuk 6 behandelt de verrijking van redox-gevoelige elementen en de oploss-
ing van magnetische ijzermineralen in het sediment direct onder de versteende lagen
in de carbonaatmounds. Het signaal van de magnetische susceptibiliteit (een maat
voor het voorkomen van magnetische mineralen in sedimenten) is gecombineerd met
het XRF signaal van Fe en Ti om aan te tonen waar de sterk magnetische mineralen
zijn omgezet in zwak magnetische ijzermineralen. Een opeenvolging van eerst een
versteende laag met opgelost aragoniet met calcietafzettingen en daaronder een laag
met opgelost magnetiet, aangerijkt met ijzer en mangaan, werd gevonden in een dri-
etal kernen. Voor de meest recent versteende laag is aangetoond dat cementatie plaats
vond voordat erosie optrad , waarschijnlijk aan het einde van een interglaciaal of de
start van een glaciale periode.

In Hoofdstuk 7 wordt de ontwikkeling en samenstelling van carbonaatmounds op
de zuidwestelijke rand van de RT vergeleken met de Galway Mound in de Porcupine
Seabight. Verschillen in de sedimentsamenstelling van de mounds blijken gekop-
peld te zijn aan de lokale omgevingsfactoren. Mound -groeisnelheden van de Galway
Mound zijn hoger dan van de RT mounds dankzij een grotere toevoer van fijnkor-
relige niet-carbonaatdeeltjes afkomstig van buiten het moundgebied. Op beide loca-
ties is de moundgroei continu geweest over de laatste 11.000 jaar. Hiervoor komen
verscheidene hiaten voor in de sedimentopeenvolging. Het meest recente hiaat kan
worden teruggevonden in verscheidene mounds en moundgroepen langs de gehele
lerse continentale rand. Op de zuidwestelijke RT rand zijn deze hiaten verbonden aan
de aanwezigheid van versteende lagen, terwijl in contrast hiermee, cementatie niet
optreed in de sedimenten van Galway Mound. Dit hoofdstuk toont aan dat de ho-
eveelheid materiaal en het soort materiaal dat aankomt bij de carbonaat mounds van
directe invloed zijn op de groeisnelheden van en diagenetische processen in de mound.
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Het laatste hoofdstuk van dit proefschrift (Hoofdstuk 8) vormt een synthese en be-
schrijft en bediscussieert de invloed van diagenese op het tot stand komen van carbo-
naat mounds. Er wordt ingegaan op de vraag hoe gecementeerde lagen een cruciale rol
spelen bij de ontwikkeling en verticale groei van de carbonaat mounds door de steile
flanken te stabiliseren en een harde ondergrond te vormen, waarop koralen zich kun-
nen vasthechten. Hiervoor worden de overeenkomsten en verschillen tussen mound
systemen langs de lerse continentale rand en o0.a. mounds langs de zuidoostelijke con-
tinentale rand van de Verenigde Staten, waar ook gecementeerde lagen voorkomen,
besproken. De onderliggende processen, die leiden tot de diagenetische modificatie
van het sediment worden besproken, evenals de invloed van klimaatcycli op deze pro-
cessen. Daarnaast wordt een compilatie gegeven van alle koraalleeftijden ouder dan
11.000 jaar, die gevonden zijn langs de Ierse continentale rand en wat dat betekend
voor de omgevingscondities en de invloed daarvan op diagenetische processen.



Chapter 1

Introduction

1.1 Cold water corals

When mentioning corals, most people refer to the coral reefs in warm, shallow and
illuminated waters of the tropics. Cold-water corals, however, thrive in much cold-
er, deeper and therefore darker waters than their tropical counterparts. This enables
them to live in a diverse range of marine environments around the world, such as
continental shelves, slopes, on seamounts, in fjords and on submarine canyon walls.
As exploration of these deep-sea marine environments is a challenging enterprise us-
ing relative new technologies, it comes to no surprise that we are only beginning to
understand the functioning of cold-water coral ecosystems.

Tropical corals and their associated reef systems can only survive in a narrow
range of temperatures, light conditions, salinities and depths. These strict conditions
are only met in a zone between 30° N and 30° S of the equator, thus limiting the dis-
tribution of tropical corals (zone indicated in Fig. 1.1). By contrast, the present-day
distribution of the two most common framework building cold-water corals Lophelia
pertusa and Madrepora oculata displays a much wider range from 71° N (L. pertusa)
(Fossa et al., 2002) to 60° S (M. oculata) (Cairns, 1982) (Fig. 1.1). The total surface of
cold coral covered area could even equal or exceed the extent of tropical reefs on the
globe. In this thesis, unless stated otherwise, the general term cold-water corals refers
to the most common framework building cold-water coral species L. pertusa and M.
oculata. Cold-water coral occurrences have mainly been reported from the northeast
Atlantic Ocean (Le Danois, 1948; Wilson, 1979a; Frederiksen et al., 1992; Freiwald
et al., 1997; Hovland et al., 1998; Bell and Smith, 1999; De Mol et al., 2002; Masson
et al., 2003; Van Weering et al., 2003a; Duineveld et al., 2004; Roberts et al., 2005;
Wheeler et al., 2005; Wienberg and Hebbeln, 2005; Reveillaud et al., 2008; Wienberg
et al., 2009; Eisele et al., 2011), which likely reflects the increased effort in cold-water
coral research in this area of the world. Other locations where framework building
cold-water corals have been recorded are the Mediterranean Sea (Taviani et al., 2005b;
Corselli, 2010), the northwest margin of the Atlantic Ocean (Neumann et al., 1977;
Butler, 2005; Grasmueck et al., 2006; Ross and Quattrini, 2007), the Gulf of Mexico
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(Cordes et al., 2008), the Brazilian margin (Sumida et al., 2004), the margin off Angola
(Le Guilloux et al., 2009) and the Indian and Pacific oceans (Etnoyer and Morgan,
2005; Matsumoto, 2005).

1.1.1 Current interest in cold-water corals

Over the years, mainly biologists and geologists have shown interest in the partially
still undiscovered cold-water coral habitats. Framework building cold-water corals, be-
longing to the group of colonial stony corals (Scleractinia), can build extensive reef
complexes, which contain living corals, dead coral framework and coral rubble. Only
three a-hermatypic coral species form the ecosystem engineers of these reefs, creating
numerous sub-habitats for a highly diverse community of deep water species. Cold-
water coral reefs are characterised by an associated fauna that is several times more
diverse than found on, in and above the surrounding seabed and are as rich in as-
sociated fauna as tropical reefs (Jensen and Frederiksen, 1992; Henry and Roberts,
2007; Bongiorni et al., 2010; Schénfeld et al., 2011). Molluscs, bryozoa, gastropods,
anemones, sponges and fishes are commonly found in the cold-water coral reefs, they
use the coral framework as a nursery, refuge or stable substrate to grow on. Until now
over 1300 different associated species have been found in cold-water coral habitats in
the NE Atlantic, making cold-water coral reefs hotspots of biodiversity (Roberts et
al., 2006).

Cold-water corals form structures with a large variety of shapes, from single colo-
nies and patches on the Galicia Bank and in the Mediterranean Sea, to extensive reefs
on the Norwegian margin and giant mound structures on the Irish margin. Kilometres
long and wide mound structures of up to several hundreds of metres high, were found
on both margins of the Rockall Trough (Akhmetzhanov et al., 2003; Kenyon et al.,
2003; Van Weering et al., 2003a; Van Weering et al., 2003b; Mienis et al., 2006) (Fig.
1.1) and in the Porcupine Seabight. Recent IODP drilling of a cold-water coral mounds
in the Porcupine Seabight confirmed (Kano et al., 2007) that the mounds have existed
for several millions of years (De Mol et al., 2002; Van Weering et al., 2003a). Coring
of cold-water coral mounds therefore may provide a high-resolution record of mound
evolution and its response to climate-induced changes in past environmental condi-
tions. Since the most common cold-water corals have aragonitic skeletons, living as
well as fossil corals can be dated by means of U-series and 14C-AMS age dating, these
data are used to reveal the ventilation history of the oceans (Frank et al., 2004).

Carbonate mounds are well known from the geological record (Riding, 2002;
Schlager, 2003). Presently growing cold-water coral mounds can be considered as
modern analogues of fossil build-ups, for instance those from the Paleocene (Bjer-
ager et al., 2010) and Devonian (Boulvain, 2001), thus allowing to study and establish
the factors governing the development, stabilisation and lithification of these (giant)
structures.

At present, major anthropogenic threats are influencing cold-water coral habitats,
like bottom trawling, pipe laying and oil and gas exploration. A recent example was

10
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Figure 1.1 Gobal distribution of the framework building cold-water corals Lophelia pertusa and Mad-
repora oculata and of cold-water coral carbonate mounds across the world’s oceans (modified from
Roberts et al., 2009). Cold-water corals display a wide distribution, far beyond the limits in which
tropical corals commonly occur (indicated by dashed lines), but only form mound structures at specific
locations.

given by the blow up of the Deep Water Horizon drilling platform, situated in the
vicinity of one of the most thriving cold-water corals reefs in the Gulf of Mexico. For-
tunately, over the last years several mound areas along the European and US margins
have become marine protected areas. An even worse case scenario for these vulnerable
ecosystems in the deep-sea is ocean acidification, caused by the uptake of extra carbon
dioxide by the oceans, emitted by the burning of fossil fuels (Feely et al., 2004; Orr et
al., 2005; Guinotte et al., 2006; Turley et al., 2007). The uptake of extra CO, by the
oceans will result in a decline of the oceans pH. This will have severe consequences for
the shell and skeleton formation of marine calcifying organisms. Not only cold-water
corals will be affected by changing seawater chemistry, but also the amount of food
and nutrients available for the corals will become reduced. If the primary supply of
food for the corals, like phytoplankton and zooplankton will decrease, the whole reef
ecosystem will be harmed and other species that depend on the presence of a coral
framework will be affected as well (Langdon and Atkinson, 2005). In tropical coral
reefs ocean acidification retards the formation of early diagenetic inorganic cements

11
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that bind the coral framework components, leaving them more susceptible to erosion
(Manzello et al., 2008). In contrast, ocean acidification could also drive the forma-
tion of early diagenetic fibrous calcite layers as was observed at the Triassic-Jurassic
boundary (Greene et al., 2010).

1.1.2 Cold-water corals, external forcing factors

The presence of cold-water corals and the formation of mounds mainly depends on
external forcing conditions, like temperature, salinity, dissolved oxygen concentra-
tion, aragonite saturation and current speed of the ambient water mass (Freiwald,
2002; Freiwald et al., 2004; Roberts et al., 2009). Furthermore, the coral larvae need a
stable substrate for settlement, this can be a rock, a shell, coral rubble, locally lithified
sediments or man-made objects (Rogers, 1999; Freiwald, 2002). Along the European
margin, cold-water corals are found in a depth range from 40 to 1100 m water depth,
in waters with temperatures between 4 and 11 °C and salinity values of 32 to 38.8
(Taviani et al., 2005a). Furthermore, thriving cold-water coral habitats are found in
a density envelope of 27.35 to 27.65 kg m® (Dullo et al., 2008). Cold-water corals
frequently occur in areas with a turbulent hydrodynamic regime (Frederiksen et al.,
1992; White, 2007; Mienis et al., 2009) because strong near bottom currents are im-
portant in controlling coral growth by governing the food supply and preventing the
coral framework from getting buried by fine-grained sediments (Mienis et al., 2007;
Mienis et al., 2009).

Lophelia pertusa and Madrepora oculata are both suspension feeders and live inde-
pendent of photosymbionts; this enables them to live in dark and cold environments
beyond the photic zone. Cold-water corals can actively capture particles from the wa-
ter column with their tentacles. They either feed on phytodetritus or zooplankton or
a combination of both as was shown by stable carbon and nitrogen isotope measure-
ments (Messing et al., 1990; Jensen and Frederiksen, 1992; Duineveld et al., 2004;
Duineveld et al., 2007; Kiriakoulakis et al., 2007).

1.2 Cold-water coral mounds
1.2.1 Mounds, global distribution

Framework building cold-water corals have constructed mounds at several locations
along the south eastern margin of the United States, from the eastern margin of Flor-
ida to the Gulf of Mexico (Mullins et al., 1981; Newton et al., 1987; Paull et al., 2000;
Grasmueck et al., 2006; Reed et al., 2006; Sulak et al., 2008). An estimated 40.000
individual mounds occur in the Straits of Florida and inner Blake Plateau (Paull et al.,
2000). Framework building cold-water coral communities have been documented here
since the 1950’s (Teichert, 1958) and form structures of hundreds of metres long and
up to 50 m high in water depths between 500 and 700 m (Neumann et al., 1977; Mess-
ing etal., 1990). These are composed of submarine-lithified muddy to sandy carbonate
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sediments upon which benthic organisms attach, causing Neumann et al. (1977) to
propose the term lithoherm for these structures. The lithoherms have steeply sloping
flanks with locally exposed cemented crusts or hardgrounds. At the surface of one
huge mound complex (Paull et al., 2000), fine-grained sediments were found trapped
in-between a mix of living coral framework and older (>20.000 year BP) dead coral
rubble. Mound investigations in this area are based on surface sampling, and as cores
to investigate the long term growth and development of the mounds are lacking it is
unclear whether the cemented crusts are a consequence of earlier paleoceanographic
conditions or of gradual and ongoing cementation and diagenesis (Paull et al., 2000).

Similar mound structures are observed on the western continental slope of Flor-
ida, in the Gulf of Mexico (Newton et al., 1987; Reed et al., 2006). In this region doz-
ens of 5 to 15 m high lithoherms occur in a 20 km linear zone parallel to the 500
m isobaths. A Pleistocene age was proposed for the mounds as they nucleated on a
Pliocene erosional surface capped by Pleistocene sand (Newton et al., 1987; Mullins
et al., 1988). The (limited) dated corals from the mound surfaces are over 40 kyr old
(Newton et al., 1987), however, Reed et al. (2006) observed up to 20% live coral cover
on mounds in this area. Even if the mounds are actively growing at the moment, the
net mound growth rates are very low, with at maximum 15 metres of accumulated
mound sediments since the Pleistocene.

In the Campos Basin on the south eastern Brazilian continental slope elongated
patches of cold-water coral mounds are found between 570 and 800 m water depth
(Viana et al., 1998). Individual mounds here can be hundreds of metres long with
heights of 10 to 15 m. Further south, on the margin of the Santos Basin, up to 20 m
high cold-water coral mounds or patches are found in 700 m water depth at the edges
of pockmarks (Sumida et al., 2004). The mound sediments consist of hemipelagic mud
with varying carbonate content, planktonic foraminifera and coral fragments (Mangi-
ni et al., 2010). Up to 29.3 kyr old corals have been recovered from 68 cm core depth
at a mound in the Santos Basin, but the coral age-sample depth relations suggest that
hiatuses exist in this core. In the Campos Basin, coral and mound growth appears
continuous between 19.5 and 8.2 kyr, with an accumulation of 290 cm of sediments
in 11.3 kyr (Mangini et al., 2010), implying an average vertical mound growth rate of
25.7 cm per kyr.

On the West African continental slope, off the Angolan coast, cold-water corals
build mounds of 30 m high in 340 m water depth (Le Guilloux et al., 2009). Their
widths do not exceed 300 m and they are 1 to 1.5 km long. The orientation of their
longest axes is slightly oblique to the dip of the slope and follows the orientation of
faults associated with salt tectonics. Mound formation could have initiated on the
ridges created by these faults. However, high particulate organic carbon fluxes at the
Angolan margin might also be important in mound development (Le Guilloux et al.,
2009).

Cold-water coral mounds of 100 m in height and 500 m wide at their base are ex-
posed in 450 to 550 m water depth on the Mauritanian continental slope. In addition
to these mounds, numerous buried mounds were discovered further upslope (Colman
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et al., 2005). At one mound the net vertical mound growth rate is 10.4 cm per kyr for
the period between 61.3 and 14.2 kyr and higher mound growth rates are observed
during periods of increased coral growth (Eisele et al., 2011). For example between
61.3 and 58.8 kyr ago a mound growth rate of 130.2 cm per kyr was measured, how-
ever, coral age reversals in the core complicate a straightforward interpretation. In-
creased coral growth and subsequent vertical mound growth are linked to periods of
lower sea-level at the Mauritanian margin, when the narrow zone of high productivity
surface ocean waters is displaced towards the mound area (Eisele et al., 2011). Some
mounds contain a coral cover with abundant live corals, mainly L. pertusa (Colman
et al., 2005; Westphal and Cruise participants, 2010) and flourishing reef structures
were observed on top of hardgrounds (Westphal and Cruise participants, 2010).

In the Gulf of Cadiz, on the Moroccan margin fossil mounds cluster in several
provinces (Foubert et al., 2008). Average heights are around 30 m with maxima of 60
m (Van Roojj et al., 2011). Cold-water growth initiated on pre-existing ridges where
the erosive basement surface could have provided an initial colonisation surface (Fou-
bert et al., 2008). Fluid flow from the subsurface is important in this area as reflected
by the numerous mud volcanoes (Pinheiro et al., 2003; Leén et al., 2007). This upward
fluid flow possibly affected the mound sediment by fuelling diagenetic processes lead-
ing to coral dissolution (Foubert et al., 2008). Favourable conditions for corals and
subsequent mound growth were present during post-Middle Pleistocene glacial peri-
ods (Van Rooij et al., 2011). During glacial periods in the Gulf of Cadiz an enhanced
input of aeolian dust and locally intensified upwelling led to a higher primary produc-
tivityv and thus in enhanced food availability for the corals (Wienberg et al., 2010). At
present, no actively growing mounds are present in the Gulf of Cadiz. Their demise has
been related to a shift from eutrophic to oligotrophic warm conditions and a sudden
reduction in flow strength at the end of the Younger Dryas cold event (Wienberg et al.,
2009; Wienberg et al., 2010).

On the Irish margin, cold-water coral mounds cluster in mound provinces, e.g.
on both flanks of the Rockall Trough (RT) (Akhmetzhanov et al., 2003; Kenyon et al.,
2003; Van Weering et al., 2003a; Wheeler et al., 2005), on the western Rockall Bank
(Wienberg and Hebbeln, 2005) and in the Porcupine Seabight (Hovland et al., 1994;
Henriet et al., 1998; De Mol et al., 2002; Huvenne et al., 2002; Huvenne et al., 2003).
Mound morphologies vary between and within mound provinces. For example, the
Moira mounds in the Porcupine Seabight are small isolated mounds, of up to 10 m
high and 20 m in diameter (Wheeler and Stadnitskaia, 2011) while on the southwest
RT margin mounds of up to 380 m high form kilometres long ridges (Mienis et al.,
2006). The main areas investigated in this study are the mound provinces located on
both sides of the RT margin and the Belgica Mound Province on the eastern margin of
the Porcupine Seabight (Fig. 1.24).

Coral covered carbonate mounds on the SW and SW RT margins occur between
600 and 1000 m water depth (Mienis et al., 2007). Mainly elongated mound clusters
with their longest axis perpendicular to the margin slope occur on the SW RT margin
while at the SE RT mainly isolated mounds were observed. Mound tops at the SW RT
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[B]

Figure 1.2 (A) Overview of the western Irish margin with mound provinces and bathymetric fea-
tures mentioned in text indicated. SW RT = Southwest Rockall Trough margin, SE RT = Southeast
Rockall Trough margin, BMP = Belgica mound province, PS = Porcupine Seabight. (B) Oblique view
of a digital terrain model, created from multibeam echosounding, of a carbonate mound province at
the southwest Rockall Trough margin, west of Ireland. Image courtesy of G. Duineveld, 2006. Here
mounds occur as single or clustered mounds, kilometres wide at their base and rising up to 380 meters
above the seafloor. (C) Underwater image of the cold-water coral reef ecosystem found at the summits
of carbonate mounds. Image from ROV Victor, Ifremer, 2002. (D) Photograph of a boxcore on board
R.V. Pelagia taken from a carbonate mound summit at the SW Rockall Trough margin. Loose sedi-
ment has been flushed out to reveal the three-dimensional framework constructed by the corals which
baffles the sediments. The coral colony is approximately 40 centimetres high.

margin are confined to a narrow depth range of 500 to 600 m water depth; the highest
mounds are found furthest downslope (Fig. 1.2B). The coral cover on the upper flanks
and summits of mounds at the SW RT is denser compared to the coral cover at SE RT
mounds (Mienis et al., 2007). Lithified carbonate sediments are locally exposed along
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eroded mound flanks (Olu Le-Roy and Shipboard Scientific Crew, 2002; Van Weering
et al., 2003a; Van Weering et al., 2003b).

The Belgica Mound Province is located on the eastern slope of the Porcupine Seab-
ight and is characterised by individual mounds that rise up to 160 m above the sea-
floor on their downslope side in a depth range between 700 and 1000 m water depth
(Beyer et al., 2003; De Mol et al., 2007). This province contains single conical shaped
mounds and elongated, ellipsoidal ridge-forms (Van Rooij et al., 2003). The upslope,
eastern side of the mounds is often buried and mound summits occur in two different
water depths at 850 and 700 m (Wheeler et al., 2007).

1.2.2 Mound growth models

Following Roberts et al. (Roberts et al., 2006; Roberts et al., 2009), cold-water coral
mounds are defined as topographic seafloor structures that have accumulated through
successive periods of reef development, sedimentation and (bio)erosion. Mound build-
ing starts with coral larvae colonising a stable substrate, growing out to coral colonies.
Bioeroders attack the dead coral parts of the colony (Beuck and Freiwald, 2005) lead-
ing to a breakdown of the framework, these parts fall to the sea floor, permitting the
formation of patches of coral debris (Wilson, 1979b). This coral debris then provides
the settling ground for new coral larvae, resulting in an open reef framework of dead
and live corals, which baffles the incoming sediments (Fig. 1.2D). Periods of mound
growth are linked to favourable environmental conditions for cold-water corals to
form patches and depend on the sediment input to the cold-water coral reef. If coral
growth exceeds burial of the framework, reef and thus mound growth will be initiated

Mound growth models emphasise variations in climate and the associated changes
in ocean circulation as the main driving factors for mound growth and variations in
mound accumulation rates over time (Dorschel et al., 2005; Kano et al., 2007; Rigge-
berg et al., 2007; Eisele et al., 2008; Sakai et al., 2009). Oxygen isotope records from
IODP cores from the base to the top of Challenger Mound in the Porcupine Seabight,
highlighted the response of mounds over glacial-interglacial cycles (Sakai et al., 2009).
The presence of cold-water corals on mound summits seems directly related to inter-
glacial periods, their absence to glacial periods. Several hiatuses, as well as post-dep-
ositional modifications observed in the carbonate mound sediments along the Irish
margin obscure the mound sediment record (Dorschel et al., 2005; Frank et al., 2005;
Foubert et al., 2007; Ruggeberg et al., 2007; Eisele et al., 2008; Pirlet et al., 2010).

By contrast, in other areas like the Gulf of Cadiz and the Brazilian margin coral
growth is mainly related to glacial periods when a higher primary productivity result-
ed in enhanced food availability for the corals, resulting in a healthier, denser coral
cover and subsequent mound growth (Wienberg et al., 2010). Similarly enhanced pri-
mary productivity during glacial periods occurred at the Mauritanian margin, thus
favouring mound growth (Eisele et al., 2011).

Some carbonate mounds, for example in the Florida Hatteras Strait (Neumann et
al., 1977) and at the SW Rockall Trough (Van Weering et al., 2003a) display lithified
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sediments along their erosive flanks. These lithified sediments can provide a stable
colonisation surface for corals to settle on and stabilise the mound flanks in the strong
current environment in which they occur (Noé et al., 2006). Initial investigations re-
lated their lithification to prolonged exposure to the sea water, but it is unclear when
this exposure took place (Noé et al., 2006). The origin and timing of initial lithification
during mound development is still unknown. However, the post-depositional, diage-
netic, processes affecting the sediments may have a significant impact on mound for-
mation.

1.3 Diagenesis, general concepts and impact on cold-water coral mounds

Post-depositional processes can alter the properties of the carbonate mound sedi-
ments and overprint the enclosed climate signal (Noé et al., 2006; Frank et al., 2010;
Pirlet et al., 2010). These diagenetic processes and their impact on mound formation
are the focus of this thesis.

Diagenesis encompasses all chemical, physical and biological changes that sediments
undergo from the time of deposition until the stage of metamorphism is reached.
Three diagenetic phases are recognised. 1. Sediment modifications taking place dur-
ing and immediately following deposition, referred to as syndiagenetic or early dia-
genesis. 2. Anadiagenesis, i the diagenetic processes characterized by expulsion and
upward migration of connate water and other fluids (often occurring at greater burial
depth). 3. Epidiagenesis, those sediment-modifying processes taking place during and
after uplift and emergence. In this study only syndiagenetic processes are considered
since the carbonate mounds have not undergone significant burial or uplift.

Early diagenesis of carbonate minerals can lead to the removal or formation of
material by dissolution and precipitation, thus affecting the porosity and permeability
of the sediments at an early stage. Other diagenetic effects can involve changes in the
trace elemental composition and isotopic signatures of carbonate minerals (Tucker
and Wright, 1990). The precipitation or dissolution of calcium carbonate depends on
the saturation state of the ambient solution, i.e. sea water or pore water. The satura-
tion state is expressed as ), which is the ratio of the ion activity product (IAP) to
the solubility product (KSP) for the solid (Q=IAP/KSP). For calcium carbonate this is
expressed as:

Q. = ((Ca,2) xa(CONK

Mineral dissolution occurs when Q ranges from O to 1 (undersaturation), pre-
cipitation occurs when Q is larger than 1 (supersaturation). Carbonate dissolution or
precipitation is dependent on parameters affecting carbonate ion activity such as pH,
pCO, and total alkalinity (Morse and Arvidson, 2002; Morse et al., 2007). Under simi-
lar conditions, different carbonate minerals, such as aragonite, high-Mg calcite and
low-Mg calcite have different solubility products (Tucker and Wright, 1990).

In the near-surface marine or shallow burial environment, the main driver to affect
these parameters is the microbial degradation of organic matter (Walter and Burton,
1990; Tribble, 1993; Walter et al., 1993; Ku et al., 1999; Sanders, 2003). Bacteria will
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reduce electron acceptors to support their metabolism, which leads to a general depth
sequence of oxidants used in the degradation of organic matter: O, -> NO,--> Mn(IV)
-> Fe(IIl) -> SO,*- -> CO, (Jorgensen, 2006; Rullkotter, 2006). This sequence reflects
a gradual decrease in redox potential of the oxidant and thus corresponds with a de-
crease in the free energy available by respiration with the different electron acceptors
(Jorgensen, 2006). The physical, biological and chemical processes influencing organic
matter mineralisation steer the carbonate saturation state of the sediment.

Mound sediments contain a large fraction of aragonite minerals in the form of ara-
gonitic coral skeletons; this mineral is more susceptible to dissolution than the more
stable low-Mg calcite, also present in the sediments. This primary mixed mineralogy
of carbonate mound sediments might have an effect on the pathways of early diage-
netic processes.

1.4 Scope and framework of this thesis

The main aim of this thesis is to contribute to the understanding of the timing and
pathways of diagenesis, which alter the carbonate mound sediments and to assess
the significance of these diagenetic processes for mound formation. This was done by
the analysis of sediment cores from cold-water coral mounds on the Irish margin. As
lithification of mound sediment is irregular in place and time, the main research ques-
tions therefore were: Does lithification take place in cold-water coral mounds, and if
so, how and when? Under which (paleo) environmental conditions does lithification
take place, where in the accumulated sediment is it initiated and what is the impact of
the primary sedimentary composition on the diagenetic processes leading to lithifica-
tion? As not all mounds contain lithified intervals, the question of their significance
in mound formation was also addressed.

This thesis is divided in two parts; the first part (Chapters 2 to 4) focuses on pro-
cesses leading to mound construction and on the reconstruction of a stratigraphic
framework for mound evolution by U-series dating of corals. The second part (Chap-
ters 5 to 7) concentrates on diagenetic processes affecting cold-water coral mounds and
on their expression in the sediments. In Chapter 8 a synthesis is presented based on
the data, discussion and conclusions presented in this thesis.

In Chapter 2 the morphology of the mounds on the southern Rockall Trough mar-
gins is discussed. The variability in mound morphology is assessed by defining the
present-day sedimentary processes and positive feedback mechanisms that result in
coral growth and subsequent mound accumulation. My contribution to this chapter
consisted of initial analysis of sediment composition of box- and pistoncore samples
and in establishment of a lithostratigraphic framework of the pistoncores.

A detailed chronological survey based on mass spectrometric U-series dating of
the framework building corals is presented in Chapter 3. The objectives are to deter-
mine the timing of coral growth on mounds in different mound provinces and to pro-
vide measures of mound growth rates. My contribution to Chapter 3 consisted of as-
sistance with coral sample selection, followed by cleaning and chemical purification
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of Uranium and Thorium, their mass spectrometric analyses on a thermal ionization
mass spectrometer and subsequent age dating of the corals during a visit at the LSCE
(Gif-sur-Yvette, France).

A detailed examination of the composition of the sediments in a piston core and
box core obtained from a carbonate mound summit at the SW RT margin is reported
in Chapter 4. By quantifying different categories of sediment component the contribu-
tion of the various faunal groups to mound build-up and the effect of diagenetic pro-
cesses are assessed. For Chapter 4 I was involved in the piston core sampling, including
generating sample sub-sets for stable isotope and CaCO3 analyses. My involvement
further consisted of the establishment of a lithostratigrapic and stratigraphic frame-
work and correlation between cores, U-series dating of selected samples and in SEM
and microscopic analysis of selected sediment samples.

Chapter 5 describes and assesses the pathways and processes of early lithification
of carbonate mound sediments, the modification of its components and the initial
cementation. Cold water coral fragments in three piston cores from mound summits
at the SW RT margin were dated and lithified intervals embedded in unlithified sedi-
ments are investigated.

The solid-phase enrichment and role of redox-sensitive elements and the dissolu-
tion of primary magnetic ferric iron minerals in mound sediments form the focus of
Chapter 6. Recognition and quantification of the intensity of these modifications in
down core sections provides insight into changing diagenetic conditions in the mound
sediments.

Mounds situated on the Rockall Bank and in the Porcupine Seabight are the largest
mound structures found so far in the Atlantic Ocean. Although kilometres long and
wide mounds were found in both areas, differences exist between the mound mor-
phology, mound height and sediment composition. This led to the question whether
the underlying processes have a regional or a local (mound specific) origin. Compara-
tive studies between mound provinces potentially allow differentiation between the
effects of local and regional forcing processes on mound development. Therefore, the
sediment record of Galway Mound in the Belgica Mound Province in the Porcupine
Seabight is compared (Chapter 7) to mound sediments from the SW RT (Fig. 1.2A) to
obtain and explain this differentiation.

Chapter 8 provides a synthesis of the results obtained, discussing the impact of
diagenesis on the formation of cold-water coral carbonate mounds.
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Chapter 2

Morphology and sedimentology of (clustered)
cold-water coral mounds at the south Rockall
Trough margins

Abstract

Cold-water coral mounds on both margins of the Rockall Trough (NE Atlantic Ocean)
have a strongly different morphology. Single, isolated mounds occur on the SE mar-
gin and are mainly found on the upper slope between 900 and 650 m water depth,
while large mound clusters are found on the SW margin in water depths between 600
and 1000 m, in a narrow zone almost parallel to the slope. Sedimentation rates on
the mounds are higher than on the surrounding seabed as a result of baffling of bio-
genic carbonate debris and siliciclastic particles by the coral framework covering the
mounds. This is confirmed by **°Pb measurements. The individual coral growth rate
can be three times higher than the vertical growth rate of the coral cover (+10 mm
year™!) which in turn is more than an order of magnitude higher than the present-day
overall mound growth rate (+0.25 mm year™). The presence of extensive hardgrounds
and firmgrounds and the three-dimensional coral framework are considered to be re-
sponsible for the stability of the relatively steep slopes of the mounds. High current
velocities in the intramound areas result in local non-sedimentation and erosion, as
is shown by the presence of IRD (ice-rafted debris) lag deposits on the seabed and
moats around some of the mounds. The morphology and sedimentology of cold-water
coral-covered (mainly Lophelia pertusa and Madrepora oculata) mounds on the south-
ern Rockall Trough margins (NE Atlantic Ocean) is discussed and a model describing
the development of these mounds is presented.

This chapter is based on: De Haas, H., Mienis, F., Frank, N., Richter, T., Steinacher, R., De
Stigter, H.C., Van der Land, C., Van Weering, T.C.E. (2009) Morphology and sedimentology
of (clustered) cold-water coral mounds at the south Rockall Trough margins, NE Atlantic
Ocean. Facies 55, 1-26.
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2.1 Introduction

Within the last and a half decade a suite of articles on cold-water corals (mainly Loph-
elia pertusa and Madrepora oculata framebuilders) and coral-covered carbonate build-
ups at the European and North American continental margin has been published
(Hovland et al. 1994; Freiwald et al. 1997; Hovland and Thomsen 1997; Henriet et
al. 1998; de Mol et al. 2002; Huvenne et al. 2002; Riding 2002; Akhmethzanov et al.
2003; Kenyon et al. 2003; Pinheiro et al. 2003; van Weering et al. 2003a, b; Duineveld
et al. 2004; Dorschel et al. 2005; Lindberg and Mienert 2005; Freiwald and Roberts
2005; Taviani et al. 2005a, b; Bryan and Metaxas 2006; Mienis et al. 2006; Roberts et
al. 2006; Mienis et al. 2007; Wheeler et al. 2007). In these publications coral biology,
mound morphology, the possible role of hydrocarbon leakage in mound formation
and oceanographic forcing conditions are discussed.

The carbonate structures at the European margin vary in height from several tens
to 380 m and can be 5 km or more in diameter (Mienis et al. 2006). The carbonate
build-ups at the European continental margin have been described as carbonate knolls
(Hovland et al. 1994), carbonate mud mounds (Kenyon et al. 2003), deep-water coral
banks (de Mol et al. 2002) and carbonate mounds (van Weering et al.2003b).

Carbonate mounds are well known from the Palaeozoic and Mesozoic sedimentary

record (Riding 2002). Fossil carbonate mound reefs have been interpreted as formed
mainly in shallow-water settings, in contrast to the deep-water structures discussed in
the present chapter.
The main cold-water coral species along the European margin, L. pertusa, needs a hard
substrate to settle (pebbles, shells, dead coral, etc.) and only occurs in waters with a
temperature of 4-13°C and a salinity of usually 35-37%o (Rogers 1999; Taviani et al.
2005b), locally lower (e.g. 32%o, Oslo Fjord: Mikkelsen et al. 1982). The cold-water
corals on the European mounds occur mainly in patches (Scoffin et al. 1980; Scoffin
and Bowes 1988; Tudhope and Scoffin 1995). These patches may form as the result
of growth, collapse and recolonisation of coral framework as described by the model
presented by Wilson (1979a, b).

The first extensive descriptions of mounds at the European margin were published
by Hovland et al. (1994), followed by de Mol et al. (2002) and Huvenne et al. (2002,
2003). These mounds, in the Porcupine Seabight, were initially suggested to have de-
veloped as a result of hydrocarbon seepage (Hovland et al. 1994; Henriet et al. 1998).
This seepage would lead to a high concentration of micro-organisms at the seabed
and in the water immediately above and would influence the local benthic community
(Hovland and Thomsen 1989, 1997; Aharon 1994; Hovland et al. 1998; de Mol et al.
2002; O’Brien et al. 2002). Although local geology may suggest a relationship between
seepage and position of the mounds (Naeth et al. 2005), to date no evidence for hydro-
carbon seepage-related cold-water coral mound formation at the European margins
has been reported (De Mol et al. 2002; Kenyon et al. 2003; Duineveld et al. 2004;
Expedition Scientists 2005; Mienis et al. 2006; Huvenne et al. 2007; Kiriakoulakis et
al. 2007). Stable carbon isotope values for L. pertusa reported by Blamart et al. (2005),
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Figure 2.1 Map of the Rockall Trough margin with detailed survey sites (Figs. 2-4) and stations
outside detailed survey areas indicated. Note that some positions of stations overlap on this scale.
Numbered stations are discussed in the text. Depth contours in metres.

Lutringer et al. (2005), Freiwald et al. (1997), Mikkelsen et al. (1982) and Mortensen
and Rapp (1998) also do not suggest any role for hydrocarbon seepage in the growth
of cold-water corals. Currents and resuspension of (food) particles are thought to be
the driving force behind food supply and thus coral growth and mound formation
(Frederiksen et al. 1992; Freiwald et al. 1997; Freiwald 1998, 2002; Rogers 1999; Hu-
venne et al. 2003; van Rooij et al. 2003; Kenyon et al. 1998, 2003; O’Reilly et al.2000;
Akhmetzhanov et al. 2003; van Weering et al. 2003b; White 2003, 2007; Mienis et al.
2007).

In the present study the morphology and sedimentology of the cold-water coral
mounds at the SE and SW Rockall Trough margins (Fig. 2.1) are discussed on the basis
of results of echo sounder surveys, bottom sampling and seabed imaging (photogra-
phy and video). The mound morphology and the sedimentary processes forcing the
mound development at the SE and SW Rockall Trough margins will be outlined and a
model describing cold-water coral mound formation at the Rockall Trough margins is
presented.
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2.2 Geological setting and oceanography

The present-day large-scale morphology of the eastern Atlantic margin mainly results
from rifting during the Mesozoic. As a result of the rifting process and subsequent
development of the continental margin west of Ireland and the UK (Shannon et al.
1999, 2001a) a series of prospective hydrocarbon-carrying basins underlies the Rock-
all Trough margins (Roberts et al. 1999; Shannon et al. 2001b). According to Henriet
et al. (2001), faults reaching from the basins upwards could potentially result in hy-
drocarbon seepage, thus forcing carbonate build-up formation.

West of Ireland and Great Britain the continental slope deepens to around 3000
m in the SE Rockall Trough. In the northern part of the Rockall Trough the maximum
water depth is about 2 km. The top of Rockall Bank, bordering Rockall Trough in the
west, is located between 500 and 200 m below sea level. To the south the Rockall
Trough opens into the almost 5-km-deep Porcupine Abyssal Plain (Fig. 2.1).

An overview of the circulation in the north-eastern Atlantic Ocean and water mass
properties of the Rockall Trough was given by van Aken and Becker (1996), Hansen
and Dsterhus (2000), Holliday et al. (2000), New and Smythe-Wright (2001) and Pol-
lard et al. (2004). The characteristics and route of Norwegian Sea Overflow Water
(NSOW) crossing the Wyville Thomson Ridge and entering the Rockall Trough in the
north is discussed by Hansen and @sterhus (2000). In summary, the Rockall Trough
forms one of the gateways of relatively warm surface waters [Eastern North Atlantic
Water (ENAW)] flowing to the north into the Norwegian Sea, and of cold deep water
(NSOW) flowing to the south at the foot of Rockall Bank, and thus is an important
transport pathway in the global thermo-haline circulation.

Internal tides and tidally driven currents that could possibly play a significant role
in coral growth (food supply) and mound formation (Frederiksen et al. 1992) are pres-
ent at the depth interval in which cold-water coral mounds are found on both sides
of the Rockall Trough (White and Bowyer 1997; van Weering et al. 2002; White et al.
2005; Mienis et al. 2007). Internal tidal waves as forcing mechanism for intermediate
nepheloid layer (INL) distribution at the SE Rockall Trough margin were considered by
Dickson and McCave (1986) and have been proven by Mienis et al. (2007) to occur at
both slopes of the Rockall Trough. Further dispersal of the suspended particles prob-
ably takes place according to the model presented by Thorpe and White (1988) and
White et al. (2005). Detailed in situ current measurements and their role in food sup-
ply to the corals and mound formation are presented by Mienis et al. (2007). A Taylor
column (a region of enclosed anticyclonic circulation over an obstacle) above Rockall
Bank probably concentrates food particles in the vicinity of the coral mounds (White
et al. 2005).
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2.3 Methods
2.3.1 General data collection

Following an initial survey in 1997, during which large mounds at the SE and SW
Rockall Trough margins were discovered, annual research cruises with the Royal NIOZ
R.V. Pelagia to the Porcupine Seabight and SE and SW Rockall Trough margins were
carried out from 1998 to 2004. High-resolution shallow seismic and 3.5-kHz profiles
were recorded, followed by extensive bottom sampling (for the locations of the de-
tailed study areas see Fig. 2.1). Results of the seismic surveys are presented in van
Weering et al. (2003a, b) and Mienis et al. (2006). During the 1998 and 1999 cruises
box cores were taken at various locations on and around the mounds. Sampling during
the 2000-2004 cruises was performed along transects selected on the basis of seismic
and echo sounder profiles, over the summit of mounds, over the flanks and across the
intramound areas.

2.3.2 Bathymetry

Bathymetric surveys in these areas were performed using a hull-mounted ORETech
3010 3.5-kHz penetrating echo sounder. Profiles recorded with a line spacing of
0.05-0.1 nautical miles were used to construct the detailed bathymetric maps of the
mounds in these areas presented in Figs. 2.2 to 2.4.

2.3.3 Bottom sampling

Bottom sampling was done by means of a NIOZ-designed box corer with a cylindrical
box with a diameter of 50 cm and a height of 55 cm. The corer is equipped with a lid on
top, to retain bottom water and to avoid mixing of water and sediment above the core
and thus obtain an undisturbed sediment surface. Corals were systematically collected
and subsamples were taken by inserting core liners into the core. From these sub-
samples X-ray photographs were taken using a Hewlett—Packard 43,805 N Faxitron to
study their possible sedimentary structures.

Piston cores were taken using a NIOZ-designed piston corer with core diameters
of 90 and 110 mm and with a core barrel length of 6-18 m. The cores were frozen and
opened with a diamond circular saw to preserve the original coral framework geom-
etry. In total 123 box cores and 17 piston cores were taken (Figs. 2.1 to 2.4).

2.3.4 Grain size and composition of particles

A set of box cores (stations M2003-21-25, Figs. 2.1 and 2.10) located on a transect
across mounds on the SW Rockall Trough margin was subsampled at 5-cm intervals.
Grain-size measurements of the bulk sediment samples were performed using a Coul-
ter LS grain-size analyser. The samples were split into six size fractions (<63 pm, 63—
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150 pm, 150-500 pm, 500-1000 pum, 1-2 mm and >2 mm) of which the composition
was defined. The fraction <63 pm was investigated using a scanning electron micro-
scope; the larger fractions were investigated using a binocular microscope.

2.3.5 Seabed imagery

Seabed images were acquired using a combined video and photography system mount-
ed in a frame (hopper camera). The camera frame was lowered on a cable that relayed
the signal of a bottom detector to the deck. At each station 20-30 photographs were
taken with a time interval of approximately 1 min. Underwater video recording was
performed using one or two digital colour video cameras. Sixty-eight series of bottom
photographs and 43 seabed video recordings were collected (Figs. 2.1 to 2.4).
Recent sedimentation rates

A number of box cores was selected for !°Pb measurements to define recent sedi-
mentation rates. Subsamples for ?°Pb analysis were taken at 0.5-cm-thick intervals
for the upper 1 cm, then at 1 cm intervals further down. 210Pb measurements using
alpha-spectrometry and curve fitting was performed after Boer et al. (2006).

2.3.6 Age determinations

Age determinations of selected cores were made on the basis of coiling ratios and
downcore distribution patterns of three planktonic foraminiferal species: Globoro-
talia hirsuta dominantly right-coiled in the Upper Holocene, dominantly left-coiled
in the Lower Holocene, left-coiled in the uppermost Pleistocene where it is generally
rare, and absent in sediments of Younger Dryas and Last Glacial Maximum (LGM)];
G. truncatulinoides (dominantly right-coiled in the Holocene, except for an interval
in the middle of the Lower Holocene where it is dominantly left-coiled, right-coiled
in the uppermost Pleistocene where it is generally rare, and absent in sediments of
Younger Dryas and LGM age); Neogloboquadrina spp. (right-coiled in the Holocene,
both right- and left-coiled in the uppermost Pleistocene, but almost exclusively left-
coiled in the Younger Dryas and LGM; Pujol 1980). The Upper-Lower Holocene and
Holocene-Pleistocene boundaries thus defined were then dated by correlation with
calibrated **C-AMS datings from nearby NIOZ piston core ENAM96-06 (55°39.016'W
013°59.097'N, 2543 m) as respectively 8230 + 60 and 10080 + 90 (calendar) years BP.

Additional "*C-AMS datings were performed at the R. J. van der Graaff Laboratory
(Utrecht University, Utrecht, The Netherlands) and the Leibniz Laboratory (Christian-
Albrechts University, Kiel, Germany). Mass spectrometric »°Th/U dating was per-
formed at Laboratoire des Sciences du Climat et de I'Environnement (LSCE), Unité
mixte CEA-CNRS, Gif-sur-Yvette, France, following the methods of Frank et al. (2004,
2005).
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2.4 Results
2.4.1 Morphology

The bathymetric maps of the mound areas (Figs. 2.2 to 2.4) show a clear difference
in morphology between the cold-water coral mounds on the SW Rockall Trough and
those found on the SE Rockall Trough margin. The mounds on the SE Rockall Trough
margin usually occur as isolated single mounds with a maximum diameter at the sea-
bed of 1-2 km and a maximum height of 50-100 m. One clustered mound complex
has been recorded at the SE Rockall Trough margin (Fig. 2.4). The mounds at the SW
Rockall Trough margin are several kilometres in diameter, can be up to 380 m high
and mostly occur as elongated clusters of various sizes that appear to form ridges. The
clusters are up to 10 km in length and are oriented perpendicular to or at a high angle
to the general bathymetric contours. The clusters are separated by valleys (intramound
areas) of several tens of metres to over 1.5 km wide. Clustered mound complexes oc-
casionally contain small basins (see also Mienis et al. 2006).

At both margins the individual mounds show a highly irregular relief. Large gently
sloping (0-20°) parts of the flanks alternate with steep (>40°), sometimes semivertical
slopes. The average slope angle of individual mounds (foot to summit of mound) can
be as steep as 25°. At the foot of the up-current-facing side of the mounds a moat is
often present, while the down-current side often shows an elongated sediment tail.

2.4.2 Sediments

Fauna and surface sediments

The tops of the mounds are generally covered by colonies of cold-water corals and
associated fauna. The colonial scleractinian corals L. pertusa and M. oculata form the
main coral species. A third coral taxon, Stylaster (calcified hydrozoan), occurs mostly
as small isolated colonies but locally also in higher abundances. In addition to these
three colony-forming corals, solitary stony corals (e.g. Desmophyllum) are present
as well as gorgonians. The corals and associated fauna (bivalves, gastropods, serpulid
polychaetes, echinoids, crinoids, foraminifera, sponges) either contribute to the sedi-
ments by producing skeletal debris or play a role by breaking up larger parts, sticking
particles together or simply by bioturbation (e.g. Beuck et al. 2007). The size of the
particles ranges from silt to decimetre scale. Most of the surface sediments consist
mainly of foraminiferal and coralline silt and sand particles. Centimetre- to decime-
tre-sized debris mostly consists of coral rubble. Echinoid spines and the remains of
bivalves and gastropods also contribute to this coarse fraction. Boulders found in the
intramound areas are covered with sponges, bryozoans, serpulids, etc.

SE Rockall Trough margin

The seafloor in the intramound areas at the SE Rockall Trough margin consists mainly
of foraminiferal and other biogenic sand with a minor amount of lithic grains. Gravel,
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Figure 2.2  Detailed
bathymetric map  of
the northern SE Rock-
all Trough margin site
based on densely spaced
3.5-kHz echo sounder
survey grids, with all
stations indicated. Note
that some positions of
stations overlap on this
scale. Depth contours in
metres. Numbers refer to
stations discussed in the
text or examples shown
on other figures. Pro-
files show the transects
across the mounds num-
, bered I to IV on the map.
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pebbles and a varying amount of boulders cover the surface (Fig. 2.5). The surface
sediments of the smaller mounds (with low angle slopes and just a few metres high)
consist of foraminiferal sands with a variable amount of pebbles. The tops of these
mounds are partly (+10%) covered with small dead and living coral colonies (Fig. 2.5).
The surface sediments of a medium-sized mound (80 m high, diameter about 500 m)
consist entirely (slope and summit) of partly cemented bioclastic silty sand with larger
biogenic carbonate debris and locally some pebbles. Only a minor amount of small
dead and living coral branches is present (Fig. 2.5). Another medium-sized mound
(Fig. 2.6) shows an increase in coral cover ranging from 0% at its base to about 30%
at the top. A maximum of 50% of the coral at every location is alive. The top and flank
sediments of this mound consist of silt to coarse biogenic carbonate sand. The lower
slopes of the larger mounds (>100 m high) at the SE Rockall Trough margin have an al-
most similar composition (Fig. 2.7). Locally ice rafted pebbles and cobbles, sometimes
boulders, are found here as well. Coral debris (centimetre to decimetre size) and small
live colonies (up to a few decimetres in size) are present, but in low abundances, with
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Figure 2.3 (A) Detailed bathymetric map of the SW Rockall Trough margin site based on densely
spaced 3.5-kHz echo sounder survey grids, with all stations indicated. Note that some positions of
stations overlap on this scale. Depth contours in metres. Numbers refer to stations discussed in the
text or examples shown on other figures. (B) Profiles across the mounds numbered I to III on the map
of (A). (Groups of) stations are indicated by arrows. The horizontal scale of the cross sections equal
the scale of the map, vertical exaggeration 4x

0-30% of the lower slope surface being covered by dead and living colonies. Further
upslope the amount of coral increases (Fig. 2.7). However, the coral has a very patchy
distribution. In some areas about 50% of the sediment surface is covered with corals
while in other areas much less is present. In general less than 50% of the corals are
alive and often only dead coral is present, also at the mound summit (Fig. 2.7). Some
of the box cores show evidence of small-scale slope instability at the mound flanks in
the form of small slumps (e.g. double anoxic-oxic sequence separated by a watery glide
plain).

SW Rockall Trough margin

The seafloor sediments in the intramound areas consist of bio- and siliciclastic sand
with variable amounts of biogenic carbonate debris, pebbles, cobbles and boulders
(Fig. 2.8). Although in intramound areas pebbles and boulders often cover the seabed
(Figs. 2.8 and 2.9), some intramound areas are characterised by the presence of rip-
pled sands. Sharp boundaries between rippled sand and pebbles are locally present. At
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Figure 2.4 Detailed bathy-
metric map of the southern
SE Rockall Trough margin
site based on densely spaced
3.5-kHz echo sounder sur-
vey grids, with all stations
indicated. Note that some
positions of stations overlap
on this scale. Depth contours
in metres. The station num-
ber refers to a station dis-
cussed in the text. The profile
shows the transect across the
mound. Stations are indicat-
ed by arrows. The horizon-
tal scale of the cross section
equals the scale of the map,
vertical exaggeration 4x

the base of the mounds the sediments are biogenic (foraminiferal) sands with minor
amounts of siliciclastic grains and some pebbles. The sediments further upslope the
flanks of the mounds and at the summits consist of biogenic (mainly foraminiferal and
coral) silty sands with centimetre- to decimetre-sized bioclastic debris (coral debris,
sponge needles, shell fragments, echinoid spines, etc.). Although the seabed at the
mound base is mostly characterised by the presence of only a small number of dead
and living coal branches (Fig. 2.9), sometimes it is fully covered with coral. Further
upslope the coral cover also shows a strong variability. Most mounds at the SW Rockall
Trough margin are characterised by an abundant, thriving, often patchy, cold-water
coral community at their summit (Fig. 2.9), although less well-developed communities
are present as well.

Box cores M2003-21 to -25 (Fig. 2.10), located on a transect across a mound at the
SW Rockall Trough margin (Fig. 2.1), all show a coarsening upward trend (Fig. 2.10).
The centimetre- to decimetre-sized fraction of the sediment consists mainly of coral
debris. Down core the coral branches disintegrate. The down-core disintegration of
the corals shows a strong spatial variability, not only along this transect, but on all
the investigated mounds. Locally only centimetre-sized coral debris is present below 5
cm core depth whereas in other places an extensive three-dimensional coral network
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Figure 2.5 Seabed photo-
graphs of the SE Rockall
Trough margin. (A) Sandy
to silty sediment with a
small amount of coral at
the top of a small mound
(M2001-25). (B) Partly ce-
mented sediments forming
a crust on top of a medium-
sized mound (M2001-14).
(C) Photograph of the base
of the same mound as in
(B) (station M2001-16).
Dropstones are clearly vis-
ible. (D) Example of the
seabed in the intramound
area (station M2000-08).
Dropstones of the size
from pebbles to boulders
are clearly visible. The
length of the compass on
figures A-D is 4 cm. See
Figure 2.2 for locations of
the stations.

is present below the sediment surface (Fig. 2.11b). The grain-size fraction larger than
2 mm is almost entirely composed of coral debris (Fig. 2.12a). Up to 40% of the (very)
coarse sand fraction consists of coral debris in various size classes, however other bio-
genic compounds are also important contributors (Fig. 2.12b). The fine to medium
sand fraction is dominated by planktonic and a minor amount of benthic foraminifera
and pteropods (Fig. 2.12c). The finer fraction is made up of debris of various origins.
The silt fraction consists of 40-60% of coccoliths; other compounds are foraminifera,
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Figure 2.6 Transect of seabed
photographs of a medium-
sized mound on the SE Rockall
Trough margin. Photographs
(A) and (B) were taken at the
summit/upper flank of the
mound and show the pres-
ence of partly living corals.
On the flank (C) much less
corals are present. The lower
flank/off mound region (D)
shows mainly sand and larger
lithoclasts. These photographs
were taken on a transect from
station M2000-15 to M2000-
14. See Figure 2.2 for loca-
tions. The diameter of the trig-
ger weight is 7 cm.

diatoms and carbonate mud of unidentifiable origin. In some of the cores more than
40% of the bulk sediment is comprised of planktonic foraminifera, pteropods, cocco-
liths, pebbles, fish remains (otoliths) and radiolaria (Fig. 2.12d).

Mound versus non-mound sediments

X-ray photography supported by macroscopic descriptions of the box cores reflect a
clear difference in internal structure of the sediments in the intramound areas com-
pared with the sediments on the mounds (Fig. 2.13). Off-mound cores show (irregular)
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Figure 2.7 Seabed images
of a relatively large mound
(>100 m high) at the SE
Rockall Trough margin. (A)
Boxcore of the top of the
mound at station M2001-
02. As on the upper slope
(B), coral distribution is
very patchy. At the summit
a maximum of about 50%
of the corals is alive. Large
areas are covered with dead
coral debris or only biogenic
carbonate sand. (B) At the
upper slope (M2000-11)
coral coverage can be as high
as 50% of the surface area.
The coral distribution is very
patchy with areas of small
living and dead colonies and
areas with only centimetre-
to sand-sized debris. (C) The
seabed at station M2000-12
at the lower slope consists of
biogenic sand and pebbles.
See Figure 2.2 for location.
The diameter of the trigger
weight in Band Cis 7 cm.

layers and lenses of coarse and fine-grained sediments, while layering of sediments in
the box cores from the mounds is less pronounced to absent. Coarse-grained frag-
ments in the mound sediments are formed by coral debris and are irregularly distrib-
uted throughout the core material, however most of the large fragments are found
in the upper part of the core. Sedimentary structures are often absent in the mound
cores and the size of the buried coral fragments does not show a clear relationship
with the position on the mound (Fig. 2.13).
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Figure 2.8 Seabed im-
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Hardgrounds/firmgrounds

Hard- and firmgrounds are found on the mounds tops (Fig. 2.11a) and flanks as well as
in the intramound area. Seabed photography and video images show extensive, partly
buried, partly outcropping, hardgrounds up to several decimetres thick. Some box and
piston cores contained centimetre- to decimetre-sized pieces of cemented biogenic
carbonate debris, sand and silt.

Piston cores

Most mound piston cores have a limited length (0.26-2.91 m), with a few longer cores
(4.38-9.22 m). Figure 2.14 shows simplified logs of the cores discussed. The longer
cores were retrieved from the flank of mounds or in basins within the clusters. The
limited core lengths and the many failed coring attempts probably resulted from the
widespread presence of hard- and firmgrounds. The three longest piston cores were
taken on the lower flank of a mound (ENAM9828, Fig. 2.2), on the upper flank of a
small mound (ENAM9933B, Fig. 2.2) and off mound (ENAM9824, Fig. 2.1). The sedi-
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Figure 2.9 Examples of car-
bonate mounds at the SW
Rockall Trough margin.
See Figs. 2.1 and 2.3 for
locations of the stations.
(A) Seabed photograph of
the summit of a carbonate
mound (M2001-30). The
sediment consists of silty
to sandy biogenic carbon-
ate with a cover of healthy
coral colonies of a few cen-
timetres to a few decime-
tres in size. (B) The upper
flank of a mound show-
ing abundant coral cover
(station M2000-22). The
individual coral colonies
are relatively large (up to
several decimetres in size).
(C) Photograph of stations
M2000-25 at the lower
slope of a mound where
most of the coral is dead
and distributed in patches
with sharp boundaries be-
tween coral covered and
sandy areas. (D) Seabed
photograph of the lower
slope of a mound showing
abundant coral coverage
(station M2001-49). The
length of the compass in a
and d is 41 cm. The diam-
eter of the trigger weight
inbandcis 7 cm.

ments in these cores consist of foraminiferal carbonate (silty) sands with additional
debris of mainly bivalves, gastropods and corals. In cores ENAM9824 and ENAM9828
some clayey intervals are present. The foraminiferal sands are locally (partly) cement-
ed. Strongly cemented concretions and small pieces of hard-/firmground are present

in cores ENAM9828 and ENAM9933B.

Piston core M2001-05 was taken on the lower flank of a mound in a small basin
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Figure 2.10 Location map and profile, sedimentological logs and grain-size distribution (fraction <1
mm,) of box cores M2003-21 to -25 located at the SW Rockall Trough margin. The sediments consist
of biogenic carbonate silt to (very coarse) sand with an increase in the coarse fraction (coarse sand to
centimetre/decimetre-sized debris) towards the top. The sediment surface is covered with dead and
living corals and other fauna.

within the mound cluster on the eastern Porcupine Bank (Fig. 2.4). The sediments
in this core consist of carbonate silt to sand with numerous intervals of millimetre
to centimetre-sized coral and other biogenic debris. Two layers containing centime-
tre-sized pieces of hardground/carbonate concretion are present as well as an IRD
layer. Some centimetre-thick layers showing coarsening upwards are present in this
core. A short piston core (1.76 m) of an intramound area on the NW Porcupine Bank
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Top of mound Upper mound flank

Hardground

Figure 2.11 (A) Seabed photographs taken at station M2001-14 showing a hardground present at
the top of a mound on the SE Rockall Trough margin (the length of the compass is 41 cm; see Figure
2.2 for location). Hardgrounds and the three-dimensional coral framework are thought to be crucial
for the stability of the steep slopes of the mounds. (B) Photograph of boxcore ENAM9918 taken at the
SW Rockall Trough margin (see Figure 2.1 for location). Loose sediment has been flushed out to reveal
the three-dimensional framework of the corals baffling the sediments. Scale on ruler is in centimetres.

(M2000-10, Fig. 2.2) consisted of biogenic carbonate and lithic sand, and contained
considerable amounts of coarse lithic sand to pebbles. Some partly cemented intervals
were present. Core M2000-13 (Fig. 2.2), taken nearby the previous core at the top of a
mound, contained locally cemented bioclastic silt to sand with coral rubble of up to 7
cm in size. No clear zonation was present in this core.

Three piston cores (M2001-28, M2001-39 and M2001-43, Fig. 2.3a) were retrieved
from the summits of three mounds on the SW Rockall Trough margin with lengths of
2.45,0.60 and 2.04 m, respectively. Core M2001-28 consists of silt to coarse carbonate
sand with varying amounts of siliciclastic grains and abundant, irregularly distributed
coral debris. The base of the core is made up of light yellowish grey (partly) cemented
carbonate silty sand with centimetre-sized coral debris. The top of the yellowish grey
sediment is particularly strongly cemented, without being completed transferred into
a hardground. These sediments are overlain by a medium- to coarse-grained non-ce-
mented sand layer (2-3 cm thickness) containing a relatively high amount of siliciclas-
tic grains. This layer is grading into a medium dark brownish grey carbonate silt and
sand. This dark brownish grey sediment also contains abundant, irregularly distrib-
uted coral debris and minor amounts of siliciclastic sand grains. The largest pieces of
coral are present in the upper part of this unit. Core M2001-43 is comparable to core
M?2001-28. The top of the light-coloured lower unit in the lower part of this core is not
as strongly cemented as in core M2001-28, but also this core shows a clear boundary
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Figure 2.12 Some examples of compound analysis of cores M2003-21 to -25; for locations see Figs. 2.1
and 2.10. (A) Composition of the fraction >2 mm of core M2003-23 at five different depths in the core.
Coral debris is the major contributor to this fraction. (B) Composition of the fraction 0.5-1 mm of core
M2003-23 at five different depths in the core. Often there is no dominant compound. (C) Composition
of the 150-500 um grain-size fraction of cores M2003-21 to -25 at the 4-5 cm depth interval. This
fraction is dominated by planktonic foraminifera. (D) The fraction of the bulk sediment produced on
the mound versus the fraction that has settled from the water column for all five cores on the transect.
The major fraction is produced on the mound. There is no relationship between the relative amount of
locally produced sediment and the location of the core on the mound (see Figure 2.10).
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Figure 2.13 X-ray photographs of four box cores (SW Rockall Trough margin). The intramound core
(A, station STRAT00-03) shows irregular bedding with a clear difference in grain size and mineralogy
(note the white to grey colours resulting from differences in X-ray absorption by different minerals
and differences in porosity of the individual layers/lenses). The cores taken on the mound flanks (B, C,
M2003-25 and M2001-42) show a different internal structure. Core (B) contains many pieces of coral
debris of about 1 cm in size, while core (C) contains a considerable amount of coral branches, which are
several centimetres in length. The second flank core resembles a core taken on the summit of a mound
(D, M2001-43). See the main text for further discussion and Figs. 2.1 and 2.3 for locations.

(at 1.55 m core depth) with the brownish grey sediments above. The brownish grey
layer is weakly cemented. The cemented deposits in the lower unit of core M2001-
43 are partly broken up, most likely as a result of the coring. The sediments of core
M2001-39 are comparable to the upper brownish grey unit of cores M2001-28 and
-43. Cores M2001-39 and -43 also both show most of the larger coral fragments in the
upper part of the core.
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Figure 2.14 Simplified lithological logs of piston cores taken on the SE and SW Rockall Trough mar-
gins. Locations of cores are shown on Figs. 2.1 to 2.4.
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Figure 2.15 Results of 210Pb
in various
box cores taken at the top of
mounds, on the flank and off
mound. Locations of these
cores are shown on Figs. 2.2
and 2.3. Summit of mound
stations with a high210Pb
activity at the top of the
core (M2001-29A, 42, 43)
are marked by an extremely
thick open coral framework.
Mound summit stations of
the M2000-series show a
relatively thin open coral
layer. The relatively high ac-
tivity in core M2000-08 is
possibly caused by the burial
of fresh organic matter (con-
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2.4.3 Dating and sedimentation rates

taining 210Pb) by sea urchins
(observed on seabed photo-
graphs).

The results of the ?°Pb measurements are presented as activity versus depth in Fig.
2.15. On the top of mounds the #°Pb activity is high in the upper part of the sediment
column and decreases downcore. Sediments at the flank of the mounds show a low
activity. In the off-mound areas the 210Pb profiles differ considerably. In some cores
the activity is relatively low at the top and decreases down core, while in others the
activity increases with depth. The maximum activity at any depth in the off-mound
areas is always less than in the top of the cores taken at the mound summits. Due to
the high degree of bioturbation it was not possible to calculate reliable sedimentation
rates from the #°Pb profiles.
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Figure 2.16 Lithological log of boxcore ENAM 9915 with U-Th ages indicated to reveal the difference
in coral cover growth (10 mm year-1, open coral structure) and true sedimentation rate (0.25 mm
year-1, three-dimensional coral framework filled with a matrix of sand and silt). The location of the
core is shown on Figure 2.3.

20

The age determinations using the coiling ratios of planktonic foraminifera show
that recent (Late Holocene) sediment deposition is relatively limited on the mounds
of the SE Rockall Trough margin. The upper 10-30 cm of the box cores is of Lower
Holocene to Pleistocene age, suggesting the absence of net recent sedimentation or
sedimentation rates in the order of a few centimetres per thousand years at most on
this margin. ?°U/Th dating of a branch of L. pertusa of the top of box core ENAM9828
at the lower flank of a mound at the SE margin (Fig. 2.2) gave an age of 10,430 =
140 CAL years BP, confirming the local absence of Late Holocene deposition (see also
Frank et al. 2004). By contrast, box cores taken at or near the mound summit at the
SW margin contain Upper Holocene sediments in the topmost decimetres, indicating
more significant sedimentation rates on the SW Rockall Trough margin mounds. This
is confirmed by the results of 230Th/U dating of corals in several box cores. A dead M.
oculata colony on the top of core ENAM9910 (Fig. 2.1) has an age of 642 years (1357 +
22 AD, Frank et al. 2004). Of core ENAM9915 (Figs. 2.3a and 2.16) several L. pertusa
branches have been dated. At 5 cm depth the open coral structure of this core was
dated at 4 years (1995 AD). Just above the sediment, about 30 cm deep in the open
corals, an age of 30 years (1969 AD) was found. At 20 cm below the actual sediment
surface a piece of coral was dated at 745 years (1254 + 22 AD), giving a local sedimen-
tation rate in the order of 25 cm per thousand years (Fig. 2.16). AMS *C datings on
box core M2001-41 (Fig. 2.3a) gave an age of 120 + 20 years for a L. pertusa branch of
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Anal)_/sed Depth U 6234U 232Th [BOTh / BZTh] 6234U(0) 230Th/ U age(
Fraction (cmbs) (ppm) (%0) (ppb) (%0) (years)
L. pertusa* 0 3.969+0.005 149+4 0.058 28.0+0.9 149+4 18+6
L. pertusa*® 0a 4,019+0.007 14514 1.202 1555+0.16 145+ 4 15+15
L. pertusa 0a 3445+0002 142+3 3.05 22.8+0.2 142+3 360 + 140
L. pertusa 8 4304+£0.006 148+5 14 96.0+ 1.0 149+5 890 + 90
L. pertusa 21 4848+0.012 1425 239 96.0 + 1.0 142+5 1130+ 80
L. pertusa 31° 4811+£0.005 145+2 3.540b 741+ 0.3b 146 +£2 1460b + 100
L. pertusa 61 4.083+0.006 148+5 0.384 889 + 47 149+5 2560+ 130
L. pertusa 86 3.789+0.005 1543 7.106 66.3 +0.1 155+3 3350+ 300
L. pertusa 90 4581+£0.007 144+4 568 90.36+0.18 146+ 4 3190 + 240
L. pertusa 100 4440+0.008 145+3 1.737 290.5+0.9 146 £5 3520+ 90
L. pertusa 115 4.012+0.008 148+5 2878 167.7 £0.7 149+5 3600+ 130
L. pertusa 121a 4452+£0.003 146+2 0.142b 3500 + 25b 148+2 3830b £ 30
L. pertusa 139 3.727+0.004 144+3 0.761 759+ 3.0 146 +£3 4960 + 80
L. pertusa 144 3.934+0.005 152+3 0.632 9544 +2.2 154+3 4870+ 40
L. pertusa 150a 3.378+0.003 149+3 0.669b 796.0+ 1 .5b 151+£3 5040b + 60
L. pertusa 178 3.964+0.007 144+3 036 1927 £3.0 146 +£3 5670 + 40
L. pertusa 213 4.080+£0.007 1515 0.833 1165 +2.0 154+5 7680 + 70
L. pertusa 273a 4236+0.006 145+3 3.719 337.6+0.7 149+3 9400 + 160
L. pertusa 280a 3405+0.003 144+3 5.861 203.1+0.6 148+3 10880 + 340
L. pertusa 2SOa 4278+0.006 1443 105 141.3£06 149+4 10550 + 380

Table 2.1 Isotopic concentrations and ratios and U/Th-ages of Lophelia pertusa cold—waztse4r cor-
als from core MD01-2454G (SW Rockall Tr0u§h margin), * Living coral when collected. 5 U, =
(234U/238Umeasumd/54.89 x 10° -1) x 1000. 8" U(0) and 230Th/U—ages were calculated using ISO-
PLOT2.49 by K. Ludiwig, Berkeleya Geochronical Center. [2 T/ 32271] represents the activity ratio
calculated from the measured ratio.  Data from Frank et al. (2005).  The ™ Th concentration of these
four samples are slighgég lower compared with the ones previously published in Frank et al. (2005),
as the contribution of  Th from the graphite used to measure Th isotopes was accurately subtracted
from the measured values. Consequently, this difference in =~ Th causes an age differences osfless than
100 years on the corrected Y U-ages and slightly higher [°Th/**Th] activity ratios, - Y U-ag-
es are corrected for a contribution of initial 01 from seawater using a seawater e 32Th] activity
ratio of 6-14 (see Frank et al.2005 for details).

the surface of this core and 330 + 20 and 790 + 20 years of branches from the same
species taken at 0-5 cm below the sediment surface.

AMS *C datings of two carbonate concretions in piston core ENAM9828 at 46
cm core depth give an age of 25360 + 130 and 29,040 + 220 years BP (average of
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three, respectively, two measurements). U/Th datings on L. pertusa from gravity core
MDO01-2454G (SW Rockall Trough margin, Fig. 2.3a) show ages ranging from modern
to 11,000 years (Table 2.1).

Analysis of the coiling ratio of foraminifera of piston core M2001-28 (SW Rockall
Trough margin) shows that the hardground-like layer at 1.60 m depth is of Pleistocene
age while the sediments above this layer formed during the Holocene.

The pebbles and boulders present in the intramound areas are interpreted as drop-
stones, suggesting a Pleistocene age. This age is confirmed by the results of foraminif-
eral studies on box cores which contain a mixture of Holocene and Pleistocene fora-
minifera at the top of the cores. This mixing of sediments in the off-mound areas is
also confirmed by the ?'°Pb profiles. Locally, these profiles show the highest values in
the lower part of the off-mound cores, a strong indication of bioturbation.

2.5 Discussion
2.5.1 Mound formation

General

Because cold-water corals live predominantly on the mounds it is evident to conclude
that mounds form an essential environment for coral growth and further develop-
ment. However, coral colonies and associated benthic fauna have also been observed
in the intramound areas and non-mound settings (Wilson 1979a; Frederiksen et al.
1992; Freiwald et al. 1997; Bett 2001), so initial colonisation may occur without a
mound being present.

The seabed samples, photographs and video imaging data presented here and in
earlier investigations (Wilson 1979b; Freiwald 2002) document that corals need a
hard surface to settle. Apparently any hard substrate will do, such as a pebble or boul-
der, a shell, dead coral branches or even manmade objects such as oil rigs (Bell and
Smith 1999). Once a small coral colony has settled and environmental conditions are
favourable for further development, the colony will expand, probably according to the
growth model of Wilson (1979b).

Our data (box cores, sea bed photographs and video images) show that the sea-
bed in the intramound areas is largely covered with coarse-grained (glacial) relict sedi-
ments. However, opposed to this, in between the coral framework on the mounds fin-
er-grained sediments are present, containing large amounts of foraminifera. Many of
the box cores from the mounds have a three-dimensional framework of coral branches
filled with fine- to coarse-grained foraminiferal-, coral and other biogenic carbonate
debris and minor amounts of siliciclastic sediments (see also Fig. 2.11b). This suggests
that the coral framework on the mounds acts as a sediment trap by reducing the local
current velocity. The mechanism of an increase in sedimentation rate on the mounds
as a result of trapping of sediments by the coral framework is confirmed by the *°Pb
profiles (Fig. 2.15). The much higher *'°Pb activity in the areas with abundant coral
growth on top of the mounds compared with the lower activity on the flanks and in
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the off-mound areas, where an open coral framework is absent, indicates that more
recent sedimentation occurs in between the corals on top of the mounds than on the
flanks and away from the mounds. Similar trapping of (biogenic) sediments by coral

framework was observed on the Sula Reef (mid-Norwegian upper continental slope:
Freiwald et al. 1997; Freiwald 1998, 2002).

Currents
The distribution of corals is controlled by internal waves and the local current dynam-
ics around the mounds (Mienis et al. 2007; White et al. 2005; White 2007). High-
est coral abundances are present at or near the summit of the mounds. On one hand
internal waves and tidal currents supply food for the corals, while on the other they
probably prevent settling of fine-grained particles which otherwise could clog the in-
dividual corals and thus prevent growth (Mienis et al. 2007). A similar mechanism
was proposed by Genin et al. (1986) on seamounts and was suggested by White (2003,
2007), White et al. (2005) and Dorschel et al. (2007) for mounds in the Porcupine
Seabight. Steep slopes seem to be beneficial for coral growth through an enhanced flux
and concentration of organic detritus by increased current velocities and/or breaking
of internal waves occurring at these slopes (Frederiksen et al. 1992; Paull et al. 2000).
An enhanced flux of photodetritus in turn can result in an increase in the amount of
copepods and other zooplankton that form a major food source for the corals (Freiwald
1998; Mortensen 2001; Roberts et al. 2003; Duineveld et al. 2004). Maximum cur-
rent velocities in the intramound areas are up to 75 cm s™* (Mienis et al. 2007), which
explains the presence of the glacial pebble lag deposits found in these areas by non-
deposition/erosion. Enhanced sedimentation on the mounds due to sediment baffling
by corals in combination with erosion/non-deposition between the mounds thus acts
as a positive feedback mechanism in creating and sustaining the mound and valley
morphology at the seabed.

Currents also play an important role in the shaping of the mound morphology
(Akhmetzhanov et al. 2003; Huvenne et al. 2005).

Mound initiation

Lophelia pertusa and M. oculata need a hard substrate as a settling surface. Seismic ob-
servations (e.g. van Weering et al. 2003a, b; Mienis et al. 2006; Huvenne et al. 2007)
indicate the presence of a Late Early Pliocene unconformity (Stoker et al. 2001, 2002,
2005) directly underneath the mounds at the Rockall Trough and Porcupine Seabight
margins. This erosional surface may have acted as the (semi-)hard substrate (e.g. lag
deposit) for the establishment of the first generation of cold-water corals. IODP (Inte-
grated Ocean Drilling Program) drilling through Challenger Mound in the Porcupine
Seabight confirms this (Expedition Scientists 2005). The drilling shows that Challeng-
er Mound rests on an erosion boundary. Here a Miocene-Pliocene succession ends in
clay-rich intervals that form a firmground which is overlain by the Pleistocene mound
succession. Between the Pliocene erosional surface and the first mound deposits is a
hiatus spanning at least 1.65 Ma (Expedition Scientists 2005). Subsequent genera-
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tions of corals have used their predecessors and other carbonate debris produced by
associated benthic fauna to settle. A possible example of early mound formation can
be seen at the Darwin Mounds (Masson et al. 2003). The Darwin Mounds are a group
of several hundreds of mounds which are at maximum about 5 m high and 50-100 m
across. Masson et al. (2003) suggest that these mounds initially originated by fluid es-
cape. Fluids that escaped from the subsurface transported sand to the seabed where it
formed small mounds, because bottom currents were too weak to disperse the sands.
The coarser-grained sediment formed a suitable settling surface and the positive re-
lief in turn created a favourable environment for coral growth. If mounds of this size
remain stable and actively grow they might over time develop into one or more larger
mounds. A comparable process of settling of corals in an area of fluid escape off the
Brazilian continental slope was presented by Sumida et al. (2004). Here cold-water
corals have settled at the rims of pockmarks. If indeed small topographic relief struc-
tures of whatever origin can, under favourable conditions, act as settling ground for
cold-water coral mound formation then the sediment waves present at the northwest
of the large mound province (Mienis et al. 2006) may act as a core for future mounds.
In the transitional area between this sediment wave field and a large group of small
mounds slightly down slope, small coral colonies were found during the present study.
These living corals might be the forerunners of future cold-water coral mounds in this
area.

Since the coral growth rate (individual corallites on the order of 2-26 mm year™,
Mikkelsen et al. 1982; Freiwald et al. 1997; Mortensen and Rapp 1998; entire colony
up to 33 mm year™, Gass and Roberts 2006) clearly is much higher than the sedimen-
tation rate of biogenic debris and other particles, a healthy living coral cover will never
be buried and will continue to act as a sediment trap, thus resulting in an ongoing
vertical growth of the mounds.

This view is supported by the dating of the corals in box core ENAM9915 (Fig.
2.16). The overall growth rate of the entire open coral framework structure in this core
is about 10 mm year, while the average recent sedimentation rate of the mound sedi-
ment at this location however is in the order of 0.25 mm year.

Mound slopes

The slopes of the mounds are extremely steep (on average 25°, but locally steeper),
especially for submarine (partly) unconsolidated sediments. The steep slopes can be
partially explained by the stabilising effects of the local presence of hard-/firmgrounds
and/or semi-lithified carbonate sands. The extensive presence of, partly eroded and
recolonised, hardgrounds has been observed by Olu-le Roy et al. (2002). The extensive
three-dimensional coral framework further prevents the slopes from collapsing (Fig.
2.11b). With time and deeper in the sediment column this debris disintegrates due
to dissolution and mechanical break up of the coral aragonite, also through the ac-
tion of bioeroders such as sponges, foraminifera and fungi (Wilson 1979b; Scoffin and
Bowes 1988; Freiwald and Schénfeld 1996; Noé et al. 2006). This process weakens the
three-dimensional structure, thus locally reducing the slope stability, especially if the
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slope is steepened by erosion. This could lead to the locally observed small-scale slump
structures.

Variability

Our photo and video observations show patches of living corals alternating with dead
colonies of variable dimensions. If dead coral colonies disintegrate due to physical and
biological processes they do not function any longer as efficient sediment traps and
sedimentation rates are likely to decrease considerably. Later, these areas may be re-
colonised and sedimentation may resume. This is supported by observations in box
cores of living coral colonies that have settled on dead, degraded and encrusted, older
coral colonies. This sequence of processes results in a spatially and temporally irregu-
lar and variable depositional system that explains the chaotic and irregular internal
structure of the mounds as is clearly revealed on seismic images (van Weering et al.
2003b; Mienis et al. 2006). Periods of non-sedimentation, accompanied by carbonate
precipitation and hardground formation (Noé et al. 2006), then followed by the re-
start of sedimentation, are demonstrated by the pronounced change in sediment type
in piston cores M2001-28 and -39. On photo and video observations and in box cores
hard/firmgrounds appear to be partly eroded. Renewed sedimentation on outcrops of
these cemented layers would result in laterally heterogenic sediments, which show up
as chaotic reflectors in a seismic image.

As shown by our seabed imagery, the coral coverage and associated fauna is much
denser and appears much healthier at the SW margin than on the other side of the
Rockall Trough. This difference in health of the respective benthic communities prob-
ably results from differences in food supply which in turn are forced by different hy-
drological conditions (supply and trapping of food particles and resuspension by tidal
currents and internal waves) in both areas (Mienis et al. 2007), as was also suggested
for different mound provinces in the Porcupine Seabight by Huvenne et al. (2002). A
larger cover of faster-growing corals would result in more sediment being trapped, as
is supported by the results of our ?!°Pb analysis, and thus in higher mounds on the SW
Rockall Trough margin.

Van Weering et al. (2003b) and Mienis et al. (2006) suggested that corals at the
Rockall Trough margin grow only during interglacial periods and not during glacial pe-
riods as a result of shifts in current patterns and environmental conditions favourable
for coral growth. A reduction and stop in coral growth thus would result in severely
limited local sedimentation rates, if not in non-sedimentation, because there is no lo-
cal carbonate production and there are no corals to trap imported sediments. During
glacial periods of reduced sedimentation, hardgrounds would be formed (van Weering
et al. 2003b). The dominant role of glacial/interglacial changes in currents on mound
formation is supported by Dorschel et al. (2005), Foubert et al. (2007) and Riiggeberg
et al. (2007), who present results of mound studies in the Porcupine Seabight. They
conclude that the aforementioned current fluctuations influence temperature and
food supply at the seabed as well as the local depositional and erosional conditions and
thus coral growth and mound formation. The results of U/Th dating on cores MDO1-
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2454G (Table 2.1, Frank et al. 2005) and studies by Dorschel et al. (2005), van Weering
etal. (2006) and Riiggeberg et al. (2007) show that at least during the Late Pleistocene
corals were growing at the European margin. In addition, Noé et al. (2006) report that,
although hardground formation may have started during the Pleistocene, it persisted
into the Holocene.

Model of mound formation
Figure 2.17 gives an overview of the processes involved in mound formation at the
Rockall Trough margins. As shown in the preceding sections the formation of the cold-
water coral mounds at the Rockall Trough margins most likely was initiated following
a change in current patterns in the Rockall Trough and the erosion of margin sedi-
ments resulting in the Late Early Pliocene unconformity (Stoker et al. 2001; STRATA-
GEM Partners 2003; Stoker and Shannon 2005). This erosional surface is recognised
directly underneath the mounds, as shown on seismic data (van Weering et al. 2003b;
Mienis et al. 2006) and has been observed in a bore hole in the Porcupine Seabight
(Expedition Scientists 2005). The erosional surface probably formed a suitable settling
surface for cold-water corals and, under the now changed and favourable bottom cur-
rent conditions and food supply, cold-water corals started to grow. In a situation like
this continued growth of the corals and baffling of locally produced coral and other bio-
genic carbonate debris and allochthonous sediments (foraminifera, lithic grains, etc.)
by the corals result in a local sedimentation rate that is higher than at the surrounding
seabed. In this way a positive relief is build up. Once the mounds reach a certain height
above the surrounding seabed they influence the currents around them and a positive
feedback mechanism will evolve: increased currents result in an increased food supply
for the corals which results in growth of the mounds, which strengthen the local cur-
rents, etc., vertical Ekman transport, Ekman drainage along the seabed, the presence
of a Taylor column above the mounds and of internal waves at the margin may all play
arole in the food supply to the benthic community (Shapiro and Hill 1997; Thiem et al.
2006; White et al. 2005; Duineveld et al. 2007; Mienis et al.2007). The increase of cur-
rent velocities in between the mounds prevents the permanent settlement of corals
in these areas and thus keeps the mound and valley morphology intact. The irregular
growth pattern of the cold-water corals in place and time over the mounds results in
a discontinuous distribution of sediment type (grain size, coral debris distribution,
porosity, etc.) throughout the individual mounds. The irregular growth pattern also
results in an irregular vertical and lateral distribution of (relatively) fine and coarse
sediments and biogenic debris across the mounds. This implies that the cores do not
allow the recognition of typical “flank facies” and “summit facies” (Fig. 2.13). The
strong variation in sediment type results in an irregular distribution of hardgrounds,
whose formation (amongst others) depends on the irregular distributed porosity and
permeability. The irregular sediment distribution and local erosion result in the cha-
otic seismic facies of the mounds.

The steep slopes of the mounds are stabilised by the three-dimensional coral
framework and the presence of hard- and firmgrounds
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Sedimentary model of carbonate mounds on the Rockall Trough margins
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Figure 2.17 Sedimentary model of carbonate mounds at the Rockall Trough margins. See main text
for a more detailed description of the processes involved.

2.5.2 Comparison with other models of recent mounds

Henriet et al. (2002) present a model in which they compare recent mounds in the
Porcupine Seabight with fossil Phanerozoic mounds. In the fossil mounds discussed
by Henriet et al. (2002) carbonate precipitation by microbial activity is thought to play
an important role. In their model, mainly based on data from Challenger Mound, the
importance of the microbial activity is reflected in the trigger stage of mound forma-
tion by the venting of hydrocarbons which are used by bacteria to create authigenic
carbonate crusts or hardgrounds that act as a settling ground for coral larvae, sponges
or metazoa. In the second, or booster, stage Henriet et al. (2002) discuss the fast ver-
tical growth of the mounds as a result of the colonisation of the mounds by metazo-
ans, in conjunction with microbially mediated precipitation of carbonate. In the coral
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bank stage the mounds are colonised by cold-water corals and other filter feeders. This
phase in their model is comparable to the model described in the present article. Fi-
nally the burial stage is presented, where the vertical growth of the mound cannot
compete with the sedimentation rate of the surrounding sediments and the mound is
buried. The results of the IODP 307 drilling through Challenger Mound (Expedition
Scientists 2005) do not reveal the presence of authigenic crusts and/or hardgrounds
at the base of the mound, nor do they show a booster stage as described by Henriet
et al. (2002). Instead, the IODP 307 drilling shows that the mound rests on a firm-
ground and is largely composed of L. pertusa, clay and coccoliths. The layering of the
mound sequence suggests that several coral growth phases have been responsible for
the formation of the mound. Fossil carbonate mounds from the Palaeozoic, Silurian
and Devonian (e.g. Bourque and Gignac 1983, 1986; Pratt 1986, 1995; Bourque and
Boulvain 1993; Wendt et al. 1993, 1997; Kaufmann 1997; Belka 1998) often contain
stromatactis, and microbial activity is thought to have played an important role in
their formation. The internal structure of Challenger Mound described above shows
that microbial activity, in relation to carbonate diagenesis, only seems to play a minor
role here, and therefore, this mound cannot be seen as an analogue of Phanerozoic
(and older) mound formation (Expedition Scientists 2005).

Dorschel et al. (2005) have proposed a model for the development of Propeller
Mound in the Porcupine Seabight. The main difference is that the model proposed
in the present study focuses on the present-day sedimentary processes that result
in coral growth and the subsequent mound accumulation. The model by Dorschel et
al. (2005) focuses more on the long-term (glacial/interglacial) sedimentary cycles on
the mounds. The model for Propeller Mound does not explain the onset of mound
formation completely. European margin-wide large-scale sedimentary processes and
stratigraphical studies (STRATAGEM Partners 2003; Laberg et al. 2005; Stoker and
Shannon 2005; Stoker et al. 2005; van Weering et al. 2003a; van Weering et al. 2003b),
unpublished NIOZ seismic data and IODP drilling through Challenger Mound (Expe-
dition Scientists, 2005), however, indicate that, like the mounds at the Rockall Trough
margins, the cold-water coral mounds in the Porcupine Seabight also started to form
on a Late Early Pliocene unconformity. In both models the growth of corals, and thus
the baffling of sediments resulting in mound growth, strongly depends on the local
currents pattern. Dorschel et al. (2005) show that during the last 300,000 years Pro-
peller Mound has been in a starvation stage. During this period the sedimentation
rate on the mound has been lower than at the surrounding seabed, ultimately leading
to the burial of this mound, as has been the fate of several other mounds in the Por-
cupine Seabight, like for instance the Magellan Mounds (de Mol et al. 2002; Huvenne
et al. 2003). The mounds at the SW Rockall Trough margin, however, are still in a
stage where the vertical growth of the mounds outpaces the sedimentation rate at the
surrounding seabed so the mounds are not in a stage of burial yet. The differences in
growth rate of the mounds at the SW Rockall Trough margins and at the Porcupine
Seabight relative to the local background sedimentation thus probably is the reason
for the different ways in which the mounds develop.
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Paull et al. (2000) describe coral-capped lithoherms with a height of more then 40
m at water depths below 440 m on the Florida-Hatteras slope, forming slope-parallel
ridges of up to 400 m wide, 150 m high and more then 4.4 km long. Neumann et al.
(1977), Reed (1980) and Mullins et al. (1981) found deep-water coral mounds and
banks up to several tens of metres high in the Strait of Florida and north of Little
Bahama Bank. The model proposed for the Rockall Trough (clustered) cold-water coral
mounds discussed here is in agreement with that for the deep-water coral mounds and
banks in the Straits of Florida and north of Little Bahama Bank as proposed by Neu-
mann et al. (1977), Mullins et al. (1981) and Paull et al. (2000) where strong currents
flowing over the steep flanks supply nourishment for the corals. The steep slopes (30—
60°) are probably stabilised by early diagenesis and the presence of carbonate crusts.
In this way coral growth, resulting in steep slopes and thus increased food supply, has
a positive feedback on mound growth and maintenance (Paull et al. 2000).

2.6 Conclusions

The cold-water coral mounds at the SW and SE Rockall Trough margins show a clear
morphological distinction. The mounds on the SE margin are mainly isolated single
mounds. They are at maximum 100 m high and 1-2 km wide at their base. The mounds
found on the SW Rockall margin are usually grouped in elongated, up to 10 km long,
clusters of large and small mounds. Mounds are up to 380 m high and 2-3 km wide
at their base. The mounds mainly consist of biogenic carbonate debris (foraminifera,
coral debris, other debris). The high sedimentation rates on the mounds, and thus the
growth of the mounds above the surrounding seabed, result from the trapping of sedi-
ments within the three-dimensional coral framework. Current velocities in between
the mounds are relatively high, resulting in local erosion/non-deposition and the pres-
ence of relict glacial deposits (dropstones) at the seabed. Irregular growth of the corals
in time and space produces a laterally heterogeneous sedimentation pattern, which in
turn is reflected by the chaotic seismic internal character of the mounds. Coral growth
and mound formation seem linked through a positive feedback mechanism: vertical
growth of corals results in the formation of mounds with steep slopes, which in turn
results in strong currents supplying additional food to the corals, enhancing the coral
growth and thus mound formation. The overall present-day growth rate of a mound
(+0.25 mm year™) is up to two orders of magnitude lower than the growth rate of in-
dividual corals as found in the literature (+30 mm year™).
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The Holocene occurrence of cold-water corals
in the NE Atlantic: Implications for coral
carbonate mound evolution

Abstract

U-series dating of constructional cold-water corals is a powerful tool to reconstruct the
evolution of corals on carbonate mounds. Here we have investigated the time frame-
work of corals such as Lophelia pertusa and Madrepora oculata on five different mound
settings of the eastern North Atlantic (on Rockall Bank and in Porcupine Seabight),
sampled at variable depth and location (610-880 m water depth). We have found that
the past 11 ka reflect a period generally favourable for coral development. We further
determined local mound growth rates and identified mound surface erosion (frame-
work collapse) during times of active coral framework construction. “Local” vertical
mound growth rates vary between less than 5 cm ka™ and up to 220 cm ka™*. We inter-
pret rates exceeding 15 cm ka™ as representative of densely populated coral reefs. Dur-
ing times of reduced or absent coral development, mound evolution rates are by far
smaller (0 to < 5 cm ka™). The time resolution achieved here furthermore provides first
evidence for reduced coral (ecosystem) activity at 1.8-2.0 ka, 4.2-4.8 ka and between
6 and 8.2 ka within the Holocene that may be related to climate driven changes of the
coral growth environments. During Glacial periods coral growth in those areas seems
apparently extremely reduced or is even absent on mounds.

This chapter is based on: Frank, N., Ricard, E., Lutringer-Paquet, A., Van der Land, C., Colin,
C., Blamart, D., Foubert, A., Van Rooij, D., Henriet, J.-P.,, De Haas, H., Van Weering, T.C.E.
(2009) The Holocene occurrence of cold water corals in the NE Atlantic: Implications for
coral carbonate mound evolution. Marine Geology 266, 129-142.
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3.1 Introduction

Extensive deep-water coral ecosystems exist along the northeast Atlantic continental mar-
gins of Ireland, Scotland and Norway (Freiwald and Roberts, 2005). Since about a decade
these deep-water coral reefs are subject to extensive European research efforts to better
constrain ecosystem functioning and coral reef development (Henriet, 1998, Hovland
et al., 1998, de Mol, 2002, Dorschel et al., 2005, Freiwald and Roberts, 2005, White et
al., 2005, Roberts et al., 2006, Van Rooij, 2006, Dorschel et al., 2007, Mienis, 2007 and
Wheeler, 2007). These mounds can achieve a height of several hundred meters and mea-
sure several square kilometres at the base (Hovland et al., 1994, de Mol, 2002, Huvenne
etal., 2003, Kenyon, 2003 and van Weering et al., 2003). The sedimentary environment is
complex due to strong directional bottom water currents (White et al., 2005 and Mienis,
2007). The main framework builders are known to be the branching corals Lophelia pertusa
and Madrepora oculata also associated with other species such as the solitary coral Desmo-
phyllum dianthus. Much progress has been made on our understanding of coral reproduc-
tion, food web and environmental factors steering modern coral growth (see Roberts et
al. (2006) and for review (Roberts et al., 2009). IODP 307 expedition in the Porcupine
Seabight has further revealed that a carbonate mound in Porcupine Seabight (Challenger
Mound) is entirely the result of deep-water coral growth since about 2.6 Ma ago (Williams
et al., 2006 and Kano, 2007). But mound evolution is discontinuous, diagenesis is impor-
tant, and mounds are shaped through erosion once coral growth is absent (Riiggeberg et
al., 2003, Frank, 2005, Dorschel et al., 2005, Foubert et al., 2007 and Kano, 2007).

Deep-water corals can be accurately dated by means of U-series dating (Smith et al.,
1997, Adkins et al., 1998, Mangini, 1998, Lomitschka and Mangini, 1999, Cheng et al.,
2000a, Schroder-Ritzrau et al., 2003, Frank, 2004, Frank, 2005 and Schréder-Ritzrau et al.,
2005), which provides a tool to detertmine the age—depth relationship of coral fragments.

Dating coral fragments from “on-mound sediment cores” allows to determine Vertical
Mound Growth Rates (VMGR) in cases were such cores represent the successive growth
and degradation of the open coral framework (Frank, 2005 and de Haas, 2009). It further
allows measuring the timing above and below hiatuses often invisible in the sedimentary
record (Riiggeberg et al., 2003, Dorschel et al., 2005, Frank, 2005, Riggeberg et al., 2007
andEisele et al., 2008). Finally, dating provides a direct measure of the timing of open
framework construction and thus reveals periods favourable of coral growth i.e. with re-
spect to major climate change. Moreover, dating of corals is important to provide a time
framework needed for paleo-environmental studies that can be carried out on coral skel-
etons.

Here, we present a detailed chronological survey based on mass spectrometric U-series
dating of constructional deep-water coral fragments. The primary objective is to determine
(1) the time framework of coral growth on different mounds, i.e. in different mound prov-
inces and environments, (ii) to provide measures of the local vertical mound growth rates
and (iii) to provide further evidence of the geological mound processes such as erosion and
diagenesis. We also demonstrate for the first time that “almost continues coral age records
can be established” needed to carry out paleo-environmental studies.

54



The Holocene occurence of cold-water corals in the NE Atlantic

Core Coordinates D(enri}h Le(r;%th Site
MDO1-2454G P339 747 273 Sonwest Rockal Bank
MDO1-24556 TaodoW 637 193 Southwest Rockal Bank
MDO1-24596 1303w 610 1079 Northern Porcupine Seabight
MDO1-2463G T1oaeW 588 1075 Fastorn Porcupine seabight
MDO1-2451G ey 62 1284 Eastarn Porcupine Sesiight

Table 3.1 Gravity core locations (see Fig. 3.1)

3.2 Environmental setting

The Rockall Trough and Rockall Bank form part of the British and Irish continental
margin consisting of several deep basins, separated by basement ridges. Within Por-
cupine Seabight, along Porcupine Bank and on Rockall Bank, numerous carbonate
mound provinces have been found at water depth between 400 m and 1100 m (Hov-
land et al., 1994, de Mol, 2002, Huvenne et al., 2003, Kenyon, 2003, van Weering et
al., 2003, Wheeler, 2005,Van Rooij, 2006, Wheeler, 2007, Foubert et al., 2007 and
Huvenne, 2007).

Today, the hydrodynamic regime within those mound areas is stipulated through
strong bottom currents driven by northward moving Eastern North Atlantic Water
(ENAW) (Rockall Bank) and Mediterranean Overflow Water (MOW) (solely in Porcu-
pine Seabight) both overlying Labrador Sea Water (LSW) which re-circulates at depth
below 1200 m (Ellett and Martin, 1973, Huthnance, 1986, van Aken and Becker, 1996,
Holliday et al., 2000 and New and Smythe-Wright, 2001). In addition, the local to-
pography results in internal basin scales waves and internal tides favoring nutrient
and food storage in mound regions (White and Bowyer, 1997, White et al., 2005 and
Mienis, 2007). Strong wind forcing through the westerlies result in a deep mixed layer
during winter time that may occasionally reach down to 1000 m depth and which oc-
curs over several months (Holliday et al., 2000). Consequently, corals develop in well
ventilated near thermocline waters of generally 4-12 °C, close or within the oxygen
minimum zone. In addition to large scale oceanographic patterns local hydrodynamic
regimes can influence the coral reef settings and in particular organic matter supply
and storage near the reef area (White et al., 2005). This is done through deflection of
the main currents along the topographic structure resulting in anti-cyclonic recircula-
tion and potentially the creation of Taylor columns (isopycnal doming over an obstacle
on the mounds) and/or Ekman drainage along the mound flanks (White et al., 2005).
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Figure 3.1 Core locations and regional scale bathymetry. The dashed grey arrows indicate eastern
North Atlantic water (ENAW) and eastern North Atlantic intermediate water (ENAIW). The black
lines show the present day location of the Mediterranean outflow water (MOW) (thick line) and the
shelf edge current (thin line). a—d) Zoom on the coring locations within different mound provinces.
a) Logachev Mound province of clustered mounds on SW Rockall Bank. Core MD01-2454G is taken
between two small mound features and core MD01-2455G is taken on the northern steep flank of an
unnamed mound. b) Mound Perseverance (Porcupine Seabight): situated in a rather flat area of the
Magellan Mound Province this mound reaches to the seafloor and core MD01-2459G was taken near
its summit on the south-western flank. c-d) Thérése and Challenger Mound from Belgica Mound Prov-
ince. Both mounds are situated on the southern slopes of Porcupine Seabight at different water depth.
Core MD01-2451G was taken on the northern-western edge of the summit of Challenger Mound and
core MD01-2463G was sampled on the eastern flank near the summit of Thérése Mound.
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3.3 Material and methods

3.3.1 Core locations

During the R/V Marion Dufresne cruise “MD123” in September 2001, 5 gravity cores
have been taken at various depths close to the summit of Mounds Perseverance, Chal-
lenger, and Thérése in Porcupine Seabight and on two unnamed mounds on Rockall
Bank (Table and Fig. 3.1).

On Rockall Bank gravity cores MD01-2454G (54G) and MD01-2455G (55G) were
taken at 747 m and 637 m water depth (Table 3.1, Fig. 3.1a). Both mounds are part
of two mound clusters on the margin of Rockall Bank close to each other (van Rooji
et al., 2001). These mounds, part of the Logachev mound province (Mienis, 2009 and
Wheeler, 2007) (Fig. 3.1a), reflect a flourishing coral ecosystem with abundant associ-
ated fauna. The coring location of 54G lies in fact between the summits of two small
south—north elongated mounds, near a lithified hardground outcrop observed during
Victor dive 10 of the Caracole campaign (Olu Le-Roy and Shipboard Scientific Crew,
2002). Core 55G was recovered close to the top on the northern steep flank of the
south—north elongated mound (Fig. 3.1a). Both cores did recover solely a small part
(2.73 m and 1.73 m) of the initially anticipated length (18 m and 13 m depth) due
to the presence of hardgrounds through which the gravity cores could not penetrate.
Hardgrounds were not recovered, but have been sampled in several piston cores taken
previously in close vicinity during the R/V Pelagia cruise 64PE182 (van Weering, 1999
and de Haas, 2009).

Gravity core MD01-2459G (59G) was taken on Mound Perseverance in Porcu-
pine Seabight. Situated in the Magellan Mound province mainly consisting of buried
mounds (de Mol, 2002 and Huvenne, 2005), this mound is one of few to reach above
the sea floor. It has a southwest-northeast elongated shape and an active coral fauna
of Lophelia pertusa and Desmophyllum dianthus corals (Olu Le-Roy, 2004 and Huvenne,
2005) (Fig. 3.1b). Core 59G was sampled on the south-western flank and no live corals
have been recovered (Fig. 3.1b). Gravity core MD01-2451G (51G, 762 m depth) was
recovered on top of Challenger Mound within the Belgica Mound province, which has
a south-north elongated shape and rises about 153 m above the seabed (Williams
et al., 2006 and Kano, 2007) (Fig. 3.1c). Today, this mound is covered by dead coral
rubble in contrast to the flourishing coral ecosystems recorded on Thérese Mound
(Olu Le-Roy, 2004 and de Mol, 2007) and Galway Mound (Foubert, 2005 and Eisele
et al., 2008) situated nearby but at deeper depth (Williams et al., 2006). The core was
taken on the north-western tip of the summit off the mound flank facing the north-
ward moving currents and it is situated next to the site of recent IODP drilling 307
(Fig. 3.1¢). Gravity core MD01-2463G (63G, 888 m) was recovered from top of Thérése
Mound (Fig. 3.1d). This mound has again a south-north elongated shape (Wheeler,
2005 and Williams et al., 2006) and is covered with a strikingly active coral ecosystem
(Olu Le-Roy, 2004). Sampling occurred slightly on the eastern flank close to the top of
the mound near the presently active L. pertusa and Madrepora oculata coral ecosystem
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(Fig. 3.1d), which reaches from the south-western flank to the top with dense coral
populations (Olu Le-Roy, 2004). Overall, sediment coring within Porcupine Seabight
using gravity corers has been very successful on mounds as most cores achieved the
initially anticipated length. But core MD01-2459G hit a carbonate hardground layer
that was recovered at 10 m core depth.

All cores from SW Rockall Bank and within Porcupine Seabight have been investi-
gated on board R/V Marion Dufresne using a GEOTEK Multi Sensor core Logger at a
resolution of 2 cm, measuring magnetic susceptibility (Barlington loop senor MS2B)
and GRAPE density (Cs137 source with energies principally at 0.622 MeV) on whole
round sections. Then, cores were send to University Bordeaux to perform X-ray radi-
ographies using the SCOPIX X-ray equipment (DGO UMR5805) (Foubert et al., 2007),
which provides constrains on coral content and distribution (Fig. ). Following a first
evaluation of the coral abundance and core physical parameters corals have been se-
lected for U-series dating and to determine coral species and state of preservation. In
the following we focus solely on the upper most coral rich core sections to study the
most recent recorded coral growth interval.

3.3.2 Mass spectrometric **°Th/U dating of coral skeletons

The technique of U-series dating of deep-water corals follows closely previously pub-
lished procedures (Frank, 2004 and Frank, 2005). Mass spectrometric analyses were
carried out on the LSCE (Gif-sur-Yvette, France) thermal ionization mass spectrom-
eter (Finnigan MAT?262).

Reference material HU-1 was used to determine the internal reproducibility of U
and Th isotope analyses with values identical to the ones previously published (Frank
et al., 2005). Activity ratios were calculated from measured atomic ratios using the
decay constants of ***U, **U and ***Th of A, = 1.5515x107** years™, A, = 2.8263x10°°
yearst, A, = 9.1577x107% years™ (Cheng et al., 2000b), respectively. In total, 75 sam-
ples from 5 sediment cores have been investigated by U-series dating, with the Rockall
Bank cores (55G and 54G) being the most intensively studied (n = 50). In total, 7 U-
series ages have been rejected due to significant contamination (> 10 ng g*) with 2**Th.

To complete the coral growth records in cases, a few AMS 14C ages were mea-
sured. Those AMS 14C ages have been obtained according to the procedures described
by (Frank et al., 2004) and have been calibrated using the marine *C calibration of
CALIB510 (Stuiver et al., 1998) with a mean sub-surface water reservoir age of 500 +
100 a (Frank et al., 2004).

3.4 Results
3.4.1 U-series dating results

Results of U-series dating of coral fragments are presented in Table 3.2. The U con-
centration of cold-water species Lophelia pertusa and Madrepora oculata varies strongly
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D]

2cm

Figure 3.2 SCOPIX image sections of different cores and coral photos before and after mechanical
cleaning [(J) and (I)]. Note the scale of the SCOPIX images is ~ 10 x 10 cm. (A) and (B) Typical Loph-
elia pertusa coral fragments in core MD01-2454G. (C) Coral fragments of mostly Madrepora ocu-
latafrom the Hiatus (~ 120 cm core depth) of core MD01-2455G. (D) Typically large coral fragments
of L. pertusa from core MD01-2459G between 0 and 5.35 m core depth. (E) Small and barely visible
coral fragments from the deeper section of core MD01-2463G (~ 10 m core depth). (F) Dropstone
together with L. pertusa coral fragments of Holocene age (see text) from core MD01-2463G at ~ 1.28
m core depth. (G) Dropstones recorded in laminar hemipelagic sediments from core MD01-2451G (~
4 m core depth). (H) Dropstones within “non-laminated” sediments of core MD01-2451G (~ 0.35 m
core depth). (K) Pieces of lithified hardground from the base of core MD01-2459G and (L) carbonate
rich sediments containing footprints of coral equally from core MD01-2459G (section below 5.35 m
core depth).

between ~ 2.80 and ~ 5.0 pg g™*. Initial 6***U  values range between 140%o and 155%o
with a mean of 148 + 3.5%o0 (n = 63; standard deviation = + 2c) identical to measured
present day seawater values of 146.6-149.6%o (Delanghe et al., 2002 and Robinson et
al., 2004). Measured ***Th concentrations are small (< 10 ng g™') for most samples. In
cases were »*?Th exceeded values of 10 ng g™*, data was rejected (n = 7) to avoid propa-
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Depth  Age 5234U 232Th
sample-1D No. (cr:) (y?earS) (%o) (ppb)
MDO01-2454 liv P1 1 0 18+6 1448 +4.0 0.058 = 0.001
MDO01-2454 liv P2 2 0 15+15 149.1+3.6 1.202+£0.012
MDO01-2454 Top 3 2 360 = 140 1420+ 3.0 3.050 £ 0.031
MDO01 2454G 7-9 cm 4 8 891+ 89 148653 1.400 £ 0.016
MDO01 2454G 20-22 cm 5 21 1128 + 81 1423 +53 2.389 = 0.006
MDO01-2454G-31 6 31 1456 + 100 145.7 £ 2.1 3.539+£0.012
MDO01-2454 50-52 cm (14C) 51 2371115 Calibrated 14C age (R=450yr)
MDO01-2454G 60-62 cm 7 61 2560 £ 130 1488 +4.7 0.384+£0.012
MDO01-2454 70-72 cm top (14C) 71 2463+ 110 Calibrated 14C age (R =450 yr)
MDO01-2454G 85-86¢578 8 85.5 3345+ 295 1554 +3.1 7.106 £0.014
MDO01-2454G 85-86¢6 9 85.5 Rejected 1416+23 10.038 £ 0.020
MDO01-2454G 90 cm 10 90 3190 £ 240 145943 5.680£0.011
MDO01 2454G 100 cm 11 100 3523 £ 91 142.1+4.0 1.737 £ 0.005
MDO01 2454G 100 cm dup. 12 100 3510+ 91 146.2 £2.9 1.737 £ 0.005
MDO01 2454G 113-117 cm 13 115 3600 £+ 130 1494 + 4.6 2.878 +£0.012
MDO01-2454G-121 14 121 383127 1479%2.2 0.142 = 0.001
MDO01 2454G 138-140 cm 15 139 4976+ 78 143.2+3.1 0.761 = 0.003
MDO1 2454G 138-140 cm dub. 16 139 4961 £ 77 146.2 £ 2.8 0.761 £ 0.003
MDO01-2454G 143-145 17 144 4869 + 42 153.7+2.9 0.632 +0.001
MDO01-2454 150 18 150 5040 £ 61 147.8 £ 3.1 0.669 = 0.001
MDO01-2454G 160-168 cm top 19 164 5270+ 110 1488+ 2.6 0.276 = 0.006
MDO01-2454G 175-180 cm 20 1775 5667 +38 146.5+29 0.360 £ 0.001
MDO01-2454G 189 cm 21 189 6080 + 140 152.6 3.6 0.534 +0.002
MDO01-2454G 192-194 cm 22 193 5620 + 240 147.7 £4.8 6.805+0.011
MDO01-2454G 204-205 cm 23 204.5 6992 + 214 146.6 + 3.5 0.920 = 0.022
MDO01-2454G 204-205-1 cm 24 204.5 6687 £ 160 1506 +3.4 0.856 = 0.007
MDO01-2454G 210-217 cm 25 2135 767972 1541 4.7 0.833 +£0.002
MDO01-2454G 220 cm 26 220 7730 + 230 150.7 + 4.1 2.741 £0.013
MDO01-2454G 225-227 cm 27 226 8430 £ 200 147.1+£39 2.052 £ 0.007
MDO01-2454G-247 28 247 Rejected 148.0+29 30.15+0.21
MDO01-2454 273 29 273 9400 + 160 148.5+3.2 3.719£0.007
MDO01-2454 core cutter 1 30 275 10,880 + 340 1484 +3.3 5.861+0.018
MDO01-2454 core cutter 2 31 275 Rejected 148.5+3.5 10.472 £ 0.043

Table 3.2 Ages, initial §?**U, 2*Th concentration and calibrated AMS **C ages.
Radiocarbon ages are indicated with bold-italic in contrast to U-series age and isotope data.
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Depth _ Age 52340 232Th
Sample-ID No. (cr:) (vgea_rs) (%) (ppb)
MDO01-2459G top 41 0 4368 + 95 151.4+6.8 0.402 £ 0.002
MDO01-2459 top Il 42 0 Rejected 149.1 £ 3.0 12.761 £0.023
MDO01-2459G 46-53 cm top 43 49.5 7540+ 180 1474+ 4.1 0.259 +0.001
MDO01-2459G 94-99 cm (14C) 96.5 8535+ 84 Calibrated 14C age (R=450yr)
MDO01 2459G 110-114 cm 44 112 8765 + 190 1504+ 13.8 0.740 £ 0.002
MDO01-2459G 130-140 cm top (14C) 135 8604 + 96 Calibrated 14C age (R=450yr)
MDO01-2459 150 45 150 8520+ 100 152.0+ 3.1 1.763 £ 0.003
MDO01-2459G 157-165 cm top (14C) 1615 8560+ 110 Calibrated 14C age (R=450yr)
MDO01 2459G 201-208 cm 46 205 8930+ 170 1484 +54 0.274 +0.002
MDO01-2459 300 47 300 9290 £ 210 147324 4.337 +0.006
MDO01-2459 450 48 450 9742 +74 148.1 + 3.1 0.080 + 0.000
MDO01-2455G top 50 0 188 + 32 1440+ 11.0 0.600 = 0.006
MDO01-2455G 20 51 20 680 + 250 150.2+39 6.484 +0.013
MDO01-2455G 45-46 52 455 2880 + 220 149.2 £53 3.866 £0.015
MDO01-2455G 70 53 70 10,670 + 460 1449 +44 8.864 +£0.017
MDO01-2455G 91 54 91 9370 + 220 143.8+4.6 3.362 +£0.005
MDO01-2455G 126-127 55 126.5 11,270+ 170 1436 +3.6 3.568 = 0.007
MDO01-2455G 150 56 150 10,270 £ 320 148.3 + 3.1 7.734£0.015
MDO01-2455G 155-157 57 156 10,660 £ 230 147.7 £4.0 0.681 £0.002
MDO01-2455G 166-167 58 168 2238 + 68 1443+ 35 0.647 £0.001
MDO01-2455G 193 59 193 5420 + 140 151.0+6.1 0.133 £ 0.004
MDO01-2455G cc 1 60 193 7980 + 280 1493+ 3.5 3.585+0.020
MDO01-2455G cc 2 61 193 Rejected 147.2+£20 26.28 +0.17
MDO01-2463G top 70 0 261 £33 148.1 £ 9.5 0.800 £0.010
MDO01-2463G 10 cm (14C) 10 851 +99 Calibrated 14C age (R =450 yr)
MDO01-2463G 100 cm (14C) 100 6811 + 88 Calibrated 14C age (R =450 yr)
MDO01-2463G 139-142 cm 71 140.5 9810 + 220 1545+24 3.583+0.010
MDO01-2463G 144-146 cm 72 145 Rejected 143.6+ 3.6 24.500 £0.150
MDO01-2463G 178-179 cm 73 178.5 9700 + 350 154.0+2.7 9.451+£0.014
MDO01-2463G 300 cm 74 300 247,800+ 10,500 153.8+9.8 6.854 + 0.048
MDO01-2451G top 80 0 Rejected 151.8+5.8 21.000 £ 0.400
MDO01-2451G 6 cm 81 6 3233 £ 106 145.2+2.8 0.391 = 0.005
MDO01-2451G 27 cm 82 27 6110+ 153 147.2+3.8 0.341 £ 0.004
MDO01-2451G 31 cm 83 31 6520 £ 140 154.1+£29 1.610 + 0.006
MDO01-2451G 223 cm 84 223 78,790 + 490 1403 +29 3.791 £0.011
MDO01-2451G 248 cm 85 248 109,200 £ 773 1524 +44 0.392 +0.009
MDO01-2451G 326 cm 86 326 188,900 + 2300 160.7 £ 4.6 0.595 +0.027
MDO01-2451G 407 cm 87 407 230,400 + 2900 190.7 £ 10.0 1.153 +£0.005
MDO01-2451G 450 cm 450 3.791 £0.022
MDO1-2451G 900 cm 900 Not datable: Activity ratiosare 5 ggg 1. 020
MD01-2451G 1050 cm 1050 above equilibrium 3.401+0.016
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gating large uncertainties into the age estimate derived from correction models. Small
amounts of ??Th and ?*°Th from detritus and from seawater may affect however the
»°Th/U age. Consequently a correction model considering precipitation of **°Th from
seawater was applied taking seawater (***Th/?*°Th) activity ratios ranging from 14 to
6 into account (Frank et al., 2004). The uncertainty of this correction was propagated
into the age uncertainty, resulting in a slight decrease of ages (within uncertainty of
the mean age) but a significant increase of age errors as a consequence of error propa-
gation (Table 3.2).

U-series ages from the upper most coral rich section of all investigated sites range
from O to 12 ka. Solely a few ages from the second coral rich units are presented for
core 63G and 51G to identify the age difference between the recent coral growth and
last coral occurrence prior to this interval. The section underneath the recent coral de-
velopment recorded in core 63G dates back to 240 ka, while the one of core 51G dates
back to ~80 to 110 ka (Table 3.2). Consequently, on those two sites corals of Holocene
age developed on ancient reef surfaces that remained from marine isotope stage 7 and
5.

3.4.2 Mound evolution during the Holocene

The most detailed Holocene record is established in gravity core 54G from Rockall
Bank showing almost continuous but irregular growth of mainly Lophelia pertusa cor-
als over the past 11 ka until present (Fig. 3.3). Coral fragments have been recovered
on top of a hard-substrate (lithified carbonate) consequently corals of pre-Holocene
origin were not recovered. Based on the relationship of coral ages and depth in the
core we can estimate VMGRs. In core 54G VMGRs are highly variable and rang from
<15 cmka™ to > 70 cm ka™ (Fig. 3.3a). The initial start of the reef after the Younger
Dryas cold reversal (12.9-11.5 ka calibrated BP) is followed by a period of rapid mound
growth between 9.5 and 8.5 ka (~ 60 cm ka™), which is unfortunately poorly dated so
far (Fig. 3.3a). Next, VMGR is 4 times lower (~ 15 cm ka™?) until 6 ka followed again by
a period of more rapid coral fragment accumulation from 6 to 5 ka. The VMGR is close
to zero or at least strongly reduced thereafter at 4.4 + 0.4 ka, 2.9 + 0.1 ka,and at 1.9 +
0.3 ka. In between those intervals of almost absent coral fragment deposition, VMGR
are high (40 to 70 cm ka™). Finally during the past 1.5 ka the reef evolves again at a
rate of ~ 30 cm ka* (Fig. 3.3a).

Core 55G located in close vicinity of core 54G but at shallower depth of 640 m
reveals similar coral ages, but a strongly disturbed age-depth relationship (Fig. 3.3b).
Note that the core is composed of mainly Madrepora oculata fragments, a species which
construct a thinner and likely more unstable open framework. The dominant age re-
versal recorded between 70 and 156 cm core depth demonstrates clearly coral debris
redistribution likely through physical erosion. This layer corresponds to a core section
filled mainly with “coral rubble” (small broken fragments barely visible in the X-ray
images) (Figs. 3.2 and 3.3). Corals in this section are about 9.4 ka to 11 ka old and
are thus of equal ages compared to corals obtained at the base of core 54G. Conse-
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quently, we may assume that the M. oculata reef started to develop on top of exposed
hardgrounds about 11 ka ago as did the Lophelia pertusa reef at deeper water depth
(core 54G). During the Holocene, corals have than been displaced as a consequence of
physical mound erosion. Below this section corals seem in chronological order and the
few fragments dated reveal ages between 8 and 3 ka, but the resulting VMGRs are <
5 cm ka™. On top of the hiatus corals are again in chronological order with one age at
~ 2.88 ka and several between 1 and 0.2 ka. The resulting VMGR is approximately 30
cm ka, thus similar to the one observed for the topmost 50 cm in nearby core 54G.
Therefore, during the past 1 ka corals did well develop on both sites until present.
Within Porcupine Seabight coral rich sediment sequences underneath the most re-
cent coral growth interval have been recovered, with the exception of core 59G situat-
ed in the Magellan Mound Province. Within this last core 59G from Mound Persever-
ance corals appear once more on top of a lithified carbonate layer at 5.35 m core depth
about 9.7 ka to 10 ka ago (Fig. 3.3¢). Vertical mound growth is continuous but irregu-
lar again between 10 ka and 4.3 ka, with a high VMGR of up to 220 cm ka* between 9.8
ka and 8.5 ka, followed by a lower VMGR of ~ 25 cm ka™ between 8 ka and 4.3 ka (Fig.
3.30), respectively. Today, this mound is known to have an actively growing but patchy
coral reef ecosystem (Olu Le-Roy and Shipboard Scientific Crew, 2002) and therefore
the mid-Holocene end of coral growth recorded here does not reflect a shut down of
coral growth lasting for 4.3 ka. This sudden stop of local mound evolution is a result
of missing accessibility (loss of the top sediment during coring), reef erosion through
deep trawling as found on some mounds of the Magellan Mound province (Fossa et al.,
2003), or a collapse of the recent coral framework such as observed in sediment core
55G from Rockall Bank. In this case corals are lost rather than re-deposited. Thus, we
observe a similar timing for the start of the coral ecosystems on SW Rockall Bank and
within the Magellan Mound Province in Porcupine Seabight. The reefs develop quickly
between 9.5 and 8 ka and then between 8 and 4.3 ka the local reef activity declined.
In the southern Porcupine Seabight corals have been recovered from Thérése
Mound (core 63G) and from Challenger Mound (core 51G) both within the Belgica
Mound Province. The upper most core sections again reflect Holocene coral develop-
ment, but the temporal resolution obtained here is very limited and the respective
core sections are small; 120 cm depth in core 63G and solely 32 cm depth in core 51G
(Fig. 3.3d and e). In core 63G corals build their framework on top of an exposed ancient
reef that dates back to some 250 ka (Table 3.2). But coral ages are around 10 ka (Fig.
3.3) just on top of the ancient reef. Hence, once more the timing of corals is similar
to the one within the Magellan Mound Province and the one in SW Rockall Bank. The
first appearance of corals in core 63G is intersected with remains of glacial sedimenta-
tion containing a dropstone (between 160 cm and 178 cm depth), resulting from early
Holocene iceberg discharge along the Irish margin. Whether the growth of corals was
then continuous or irregular cannot be decided from the scares ages. VMGR from 10
ka to present amounts to ~ 15 cm ka™ and is thus on the lower end of those observed
on the other mounds. Thérése Mound is known for its presently active Lophelia per-
tusa and Madrepora oculata coral ecosystem, which reaches from the south-western
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flank to the top with dense coral populations (Olu Le-Roy, 2004). Consequently at
880 m water depth coral growth conditions have been favourable for the past 10 ka,
but whether or not certain time intervals are more or less important can yet not be
resolved. Challenger Mound (core 51G) situated a few hundred meters higher in the
water column also shows Holocene coral development, but throughout a very small
sedimentary interval of solely 32 cm. Ages progressively increase from 31 cm to the
top. Corals appear around 6.3 ka on the sampled location and thus by far later than
at the other investigated Mounds (Fig. 3.3e). In addition, the VMGR derived from
the coral age-depth relationship is solely ~ 8 cm ka™ and corals “disappeared” on the
investigated spot most likely about 3000 years ago as today Challenger Mound is cov-
ered entirely with dead coral rubble (Williams et al., 2006). Interestingly, corals appear
directly on glacial sediments containing ice rafted debris and thus a hard-substrate is
missing, which certainly did not favour coral settlement. Corals situated within the
second coral fragment rich sediment section between 220 and 250 cm depth date back
to marine isotope 5 (Table 3.2).

3.5 Discussion

Lophelia pertusa and Madrepora oculata corals build their open framework with high
individual and colony growth rates of tens of millimeters per year (meters per ka)
(Mikkelsen et al., 1982, Freiwald et al., 1997, Mortensen and Rapp, 1998 and Gass
and Roberts, 2006). This framework acts as sediment trap for horizontal and lateral
sediment fluxes. Overall rates of mound growth are much lower than the ones of the
open framework construction (de Haas et al., 2009), but largely outpace background
sedimentation (de Haas, 2009 and de Mol, 2002). Dating of coral fragments has re-
vealed that the past 11 ka are in general favorable for coral growth. Older coral reef
growth episodes occurred during previous climate warm stages such as marine iso-
tope stage 5 and 7 (Ruggeberg et al., 2003, Dorschel et al., 2005, Frank, 2005, Kano,
2007, Riiggeberg et al., 2007, Eisele et al., 2008 andMienis, 2009) (Table 3.2). Mound
records are thus often discontinuous in particular between coral growth intervals and
in many cases glacial sedimentation is missing or almost absent (Riiggeberg et al.,
2003, Dorschel et al., 2005, Frank, 2005, Kano, 2007, Riiggeberg et al., 2007,Eisele et
al., 2008 and Mienis, 2009). Yet, no corals of glacial environments have been discov-
ered on and off mounds in Porcupine Seabight and on SW Rockall Bank (Riiggeberg
et al., 2003, Schroder-Ritzrau et al., 2005, Dorschel et al., 2005, Frank, 2005, Kano,
2007, Riggeberg et al., 2007,Eisele et al., 2008 and Mienis, 2009). Our results largely
reinforce the scares previous observations but we further achieved a time resolution
allowing the study of secular variations of coral growth on mounds during the most
recent period of mound development: the Holocene.

Northern Hemisphere warming during the early Holocene and the establishment
of similar to modern hydrological conditions in the near thermocline waters are ac-
companied by an increase in surface productivity and a retreat of the polar fronts to-
wards more northern locations. Consequently, productivity increases as recorded by
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a 3 to 4 fold increase in planktonic foraminifera abundance and CaCO, content of
sediments from the Faeroe Margin following directly on the Younger Dyras cold rever-
sal (Abrantes et al., 1998) and reduced terrigeneous sediment fluxes (Manighetti and
McCave, 1995). Following upon the Younger Dryas cold reversal at about 11 ka corals
re-appear on mounds of Porcupine Seabight and on mounds of SW Rockall Bank and
likely also further to the North synchronous to environmental changes recorded in
sediments. Over the course of the Holocene, productivity is then unlikely to change in
a dramatic way, and millennium scale oceanographic changes (Bond et al., 2001) are
unlikely to alter dramatically the local hydrodynamic regime near mounds driven by
strong bottom water currents and tidal waves (White et al., 2005, Dorschel et al., 2007
and Mienis, 2007). Moreover, deep-water corals develop today over a large range of
environmental conditions from the Mediterranean Sea to the northern margin of the
Norwegian shelf.

The temporal variability of the local VMGR is the product of coral open framework
construction-skeleton degradation-bioerosion-sediment trapping and compaction.
Thus, VMGRs are related to coral population density through time. Low coral growth
activity will provide numerous exposed sediment surfaces that are subject to erosion
in an environment of high bottom water currents, while densely populated reefs pro-
duce more degraded coral fragments on the seafloor that cover the sediment surfaces
and which will pile up on top of each other. Furthermore, a well developing open coral
framework will more efficiently trap sediment. Hence, we therefore interpret VMGRs
as representative of densely populated reefs, while low rates or absent coral ages are
likely indicative of reduced coral activity and mound erosion.

All sites reflect a local environment, but we can test whether the overall coral age
pattern of all investigated mounds is similar and whether changes of the local VMGRs
add evidence to such a regional time framework. Fig. 3.4 presents all U-series ages for
SW Rockall Bank and Porcupine Seabight including a few previously published ages
for both regions (Schréder-Ritzrau et al., 2005, Eisele et al., 2008 and Mienis, 2009).
A total 88 ages are presented. Core 54G from SW Rockall Bank (n = 36) dominates the
age pattern and clearly marks out numerous periods of missing coral ages at 0.6 ka,
1.8-2.0 ka, 4.2-4.8 ka (Fig. 3.3a), which we interpreted as reduced local reef activity.
Moreover VMGR is reduced between 6-8 ka (Fig. 3.3a). The age pattern is biased in
particular at the base of the core 54G in which a high VMGR was observed between 9
to 8 ka based on solely two ages (Fig. 3.3a). Ages from all other investigated sites, add
further evidence to the temporal pattern of coral ages of core 54G. Note that this pat-
tern cannot be biased by the sampling strategy as corals have been selected with depth
in the cores first and than sampling continued to fill in the time gaps, which finally re-
vealed the absence of corals at certain time laps. The statistical significance of Fig. 3.4
is obviously weak, with 88 ages out of several hundred coral fragments. However, ages
and VMGRs point towards potential synchronous changes of coral population density
on all investigated mounds at 1.8-2.0 ka, 4.2-4.8 ka (Fig. 3.4). At 8.2 ka there is also a
pronounced abundance change followed by a period of reduced VMGR until 6 ka (Figs.
3.3 and 3.4).
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Figure 3.4 Age pattern of all investigated corals from top of carbonate mounds representing different
growth environments on SW Rockall Bank and within Porcupine Seabight. Several ages obtained dur-
ing previous studies are included (see text).
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Please note that corals are unlikely to disappear, we suggest that population densi-
ty decreases. This is puzzling, specifically the abundance change at 8.2 ka, an event not
yet resolved in the coral age-depth plots. This may be an artifact or in fact represent a
crucial moment of changing environmental conditions at thermocline depth triggered
by a short “cold” climate excursion in northern Europe around 8.175 ka ago (Kobashia
et al., 2007) of less than 0.15 ka duration. The observed lack of coral ages at 1.8-2.0
and 4.2-4.8 ka is even more puzzling together with the observation of high VMGR be-
fore and after those times. The Holocene is marked by millennium climate variability,
but no records of productivity or current activity exist that may provide a clear hind on
changes of corals environmental growth conditions. However periods lacking corals
reflect warm climate conditions in the northern Hemisphere, while those having high
VMGR reflect colder climate conditions as recorded in marine and continental records
(Bond, 2001, Vollweiler et al., 2006 andMangini, 2007). Moreover, periods without
corals coincide with increased freshwater discharge of European rivers (Benito et al.,
2008). While, glacial environmental conditions apparently inhibit reef development
potentially through the absence of sufficient food or reduced bottom current activ-
ity and enhanced sedimentation, one may speculate whether particular warm peri-
ods seem to decrease coral populations as well. In this case, food supply and current
dynamic is unlikely the reason as productivity and northward water mass transport
is supposedly rather high during the entire Holocene compared to “cold” boundary
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conditions. Hence, one may speculate whether changes in vertical mixing affect the
nutrient availability, or whether background sedimentation increased hindering cor-
als to effectively filter food.

Recently, Dullo et al. (2008) have shown that active coral reefs are situated on the
Celtic margin and within the Norwegian Sea at a particular water density envelope of
sigma-theta (c®) = 27.35 to 27.65 kg m- 3. Changes of the density structure at upper
intermediate depth through time may cause reduced coral reproduction and thus coral
reefs may decline. Thornalley et al. (2009) just revealed first evidence of changes of
South Iceland density structures for the sub-surface ocean during the Holocene, sus-
pected to be primarily related to changes in the exchange of subpolar and subtropical
gyre waters. Times of reduced coral activity at 1.8-2.0 ka and between 6 and 8 ka do
correspond to periods of similar surface and sub-surface densities contrasting periods
of significantly different salinity values (Thornalley et al., 2009). However, for the pe-
riod between 4.2 and 4.8 ka this correlation is not well evident. Upper intermediate
depth water masses at Rockall Bank are well situated at the interface of both gyres
today, but water masses at Porcupine Seabight are in addition influenced by MOW. As-
suming a link between South Iceland density variations and coral activity on Rockall
Bank slopes, we would further expect decreasing coral activity at around 3.2 and 0.9
ka, which is apparently the case in core 54G from SW Rockall Bank (Fig. 3.3a). Conse-
quently, the density structure of the North Atlantic may in fact play a role in modulat-
ing reef activity throughout the Holocene, but it is unlikely the only mechanism.

By far more chronological data and information on the dominant biological lim-
its are needed to better constrain these first observations of reduced coral activity
throughout Holocene warm phases. But, if those climate related patterns truly exist
we need to elucidate the processes causing the decline and growth of corals on mounds
as future global warming and ocean acidification imposes an important threat on the
survival of such ecosystems.

3.6 Conclusions

U-series dating of constructional deep-water corals taken on top of carbonate mounds
are powerful tools to reconstruct the temporal evolution of such ecosystems of the
deep ocean. We have presented first evidence of climate driven changes of coral abun-
dance on mounds during the present climate warm stage. Coral growth on SW Rock-
all Bank and within Porcupine Seabight occurs early in the Holocene almost simul-
taneously on several mounds and corals develop prosperously thereafter. Active reef
growth result in vertical mound growth rates of > 15 cm ka™, but local VMGRs can ex-
ceed 200 cm ka™. Over the past 11 ka we have found first evidence of temporal changes
in reef activity as coral abundances and mound growth rates decline to less than 10 cm
ka? at 1.8-2.0 ka, 4.2-4.8 ka and 6-8 ka. Moreover, the onset of the decline of corals
activity coincides with a cold climate reversal at 8.2 ka.

In addition, we have confirmed that periods favourable for coral growth on SW
Rockall Bank and in Porcupine Seabight are related to overall climatic warm phases
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(MIS 1, 5, 7) and that coral growth is largely reduced or even absent “on mounds”
during cold phases such as glacial periods and even MIS 3. Thus, coral growth records
follow a glacial/interglacial pattern and are discontinuous in time and space. Detailed
chronological studies, however, provide first evidence that those ecosystems are sensi-
tive to even small changes of environmental conditions such as productivity, current
activity and potentially water mass density affected by climate change. Finally, the
reconstruction of mound evolution during the past 11 ka provides further constrains
on mound evolution on geological time scales as it clearly highlights the strong vari-
ability of the vertical mound growth rates on solely a few thousand years and on less
than a few cm core depth.
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Chapter 4

Carbonate accumulation on a cold-water
carbonate mound at the Southwest Rockall
Trough margin

Abstract

Cold-water corals build isolated and clustered carbonate mound ridges, several kilometres
long and wide and up to 380 m high at the Southwest Rockall Trough margin. Photo and
video observations as well as coring have shown that mainly the upper mound flanks and
summits are covered with a thriving living coral cover and associated fauna. Box cores
prove the presence of living coral colonies on top of a thick layer of coral debris, which is
to a large extent abraded and bio-eroded, before being buried. The coral framework is filled
with sediment from settling pelagic material and parts of the fauna living at the mounds,
resulting in a 120 cm thick layer of sediments since 10,800 yr.Component analysis of a
piston core from the top of a carbonate mound shows a complete record of cold-water coral
mound facies, comprising many different species living at the mounds. An alternation of
skeletal and cement dominated intervals was distinguished in the piston core. Stable iso-
tope analysis of planktonic and benthic foraminifera indicates a continuous sedimentation
pattern since the Younger Dryas. The deeper and older part of the core, showing mainly in-
termediate isotope values, is dominated by the presence of large hiatuses, spanning a total
of up to 200,000 yr. Hiatuses in the core may reflect periods of non-deposition or erosion,
which may be linked to glacial-interglacial variability. Environmental conditions probably
change at glacial-interglacial timescales, influencing the local hydrodynamic regime, food
supply and sedimentation rate around the carbonate mounds affecting coral growth and
therefore carbonate mound development.

This chapter is based on: Mienis, F., Van der Land, C., De Stigter, H.C., Van de Vorstenbosch,
M., De Haas, H., Richter, T., Van Weering, T.C.E. (2009) Sediment accumulation on a cold-
water carbonate mound at the Southwest Rockall Trough margin. Marine Geology 265, 40-
50.
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4.1 Introduction

Cold-water coral patches, reefs and mounds are widely distributed along the European
continental margin (De Mol et al., 2002, Foubert et al., 2008, Freiwald, 2002, Hov-
land et al,, 1998, Kenyon et al., 2003,Lindberg and Mienert, 2005 and Van Weering
et al., 2003b ). Carbonate mounds of hundreds of meters high and several kilometres
across are found along the Rockall Trough margins and in the Porcupine Seabight.
Many of these mounds are covered with a thriving coral community dominated by the
framework building corals Lophelia pertusa and Madrepora oculata (Freiwald, 2002
and Rogers, 1999). The cold-water coral mounds are hotspots of biodiversity and form
anursery, refuge or preferred substrate for a wide variety of associated cold-water spe-
cies (Roberts et al., 2006).

Cold-water corals appear to grow preferentially in turbulent hydrodynamic envi-
ronments (Frederiksen et al., 1992, Freiwald, 2002, Kenyon et al., 2003 and Masson
etal., 2003). Cold-water coral mounds on the RT margins are found in confined depth
zones between 600 and 1000 m water depth in the Eastern North Atlantic Water
(ENAW) (New and Smythe-Wright, 2001 and Van Aken and Becker, 1996) and in areas
where internal waves affect the seabed (Dorschel et al., 2007a, Mienis et al., 2007 and
White et al., 2005). Vigorous currents with current speeds of up to 45 cm s-1 related
to the internal waves prevent the corals and associated fauna from getting buried by
sediment, while this also forces a continuous supply of food (Duineveld et al., 2007).
On the margins of the Rockall Trough, living corals are mainly found close to and on
the crest of mounds or elevations, where they can benefit optimally from local turbu-
lence (Genin et al., 1986 and Mienis et al., 2007).

Living cold-water coral colonies use the coral debris of their predecessors as a sub-
strate for larvae settlement, while this also forms a preferred substrate for numerous
other species of sessile benthos, like echinoids, bivalves, bryozoa, brachiopods, crus-
tacea and sponges. The living and dead coral cover appears to play a crucial role in the
build-up of the carbonate mounds, by producing skeletal debris, as well as by trapping
settling material between the coral framework and thus protecting it from erosive cur-
rents (De Haas et al., 2009 and Wheeler et al., 2005). Over time the coral framework
becomes bio-eroded and altered, especially when coral branches are sticking out above
the sediment surface (Beuck and Freiwald, 2005).

Several mound growth models have been proposed to explain the formation,
growth and development of carbonate mound structures, which have been described
as framework building reefs in which the framework of coral branches acts as a trap for
sediment (De Haas et al., 2009, Dorschel et al., 2005, Roberts et al., 2006 and Rigge-
berg et al., 2007). In all models it is assumed that glacial periods are characterised by
reduced or absent coral growth, caused by strongly different environmental condi-
tions. During glacial or deglacial periods hardgrounds or cemented horizons probably
form, increasing the stability of the mounds (Dorschel et al., 2005, Noe et al., 2006
and Van Weering et al., 2003b).

In this study we focus on the Pleistocene to recent deposition and the role and im-
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Figure 4.1 Bathymetric map of the
Rockall Trough region (contour in-
terval 500 m), mound province at
the SW RT margin is indicated. In-
set is the detailed bathymetric map
(contour interval 50 m) of the car-
bonate mound with the location of
the box core and piston core M03-23
indicated.

portance of diagenetic alteration of carbonate sediments of a carbonate mound on the
SW RT margin. A detailed examination of the composition of the sediment in a piston
core and a box core was made (Fig. 4.1). By quantifying different categories of sedi-
mentary components, mainly skeletal debris, the contribution of the various faunal
groups to mound build-up and the effect of diagenetic processes are assessed. Mound
sediment accumulation, erosion and diagenetic alteration are placed in a stratigraphic
context, using stable isotope measurements on planktonic and benthic foraminifera
and U/Th and 14C ages of corals and planktonic foraminifera.
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4.1.1 Geological and hydrographic setting

The Rockall Trough and Rockall Bank are part of a suite of basement ridges and ba-
sins on the western extreme of the British and Irish continental margin, which were
formed as a result of several failed rifts during the initial opening of the Atlantic Ocean
in the Mesozoic (Boldreel and Andersen, 1998, Mackenzie et al., 2002, Stoker et al.,
2002, Stoker et al., 2005 and Stratagem and partners, 2002). The post-break up histo-
ry of the Rockall Trough area has been dominated by subsidence outpacing sedimenta-
tion (Praeg et al., 2005). Subsidence of the Rockall Trough region, isolated the Rockall
Bank from nearby continental sediment sources, which was reflected in a shift from
predominantly terrigenous to deep marine pelagic sedimentation. Redistribution of
sediments by bottom currents resulted in the widespread occurrence of drift depos-
its, large sediment waves, local scouring and formation of erosional channels. Locally
growth of cold-water corals was favoured by a combination of a suitable substrate and
supply of food particles, eventually leading to the build-up of giant cold-water coral
mound clusters (Kenyon, 1987, Kenyon et al., 2003, Lonsdale and Hollister, 1979,
Stoker et al., 1998, Unnithan et al., 2001 and Van Weering et al., 2003a).

Seismic profiles and side-scan sonar surveys of the SW RT margin have shown the
presence of clustered carbonate mounds, several kilometres long and wide and up to
380 m high. The mounds form elongated ridges oblique to the regional bathymetry
and parallel to the direction of the highest current velocities (Kenyon et al., 2003,
Mienis et al., 2006 and Van Weering et al., 2003b). A mosaic of living coral colonies
alternating with patches of coral debris results in an irregular depositional system on
the mounds in time and space (Olu-Le Roy et al., 2002), which in turn is reflected by
an indistinct discontinuous and chaotic reflection patterns of mound structures on
seismic profiles (Akhmetzhanov et al., 2003, De Mol et al., 2002, Van Rooijj et al., 2003
and Van Weering et al., 2003a).

All cold-water coral mounds apparently developed on top of a strong reflector,
which is correlated with the C10 reflector of Stoker et al. (2001), dated as of late Early
Pliocene age (Stoker et al., 2001, Stratagem and partners, 2002 and Titschack et al.,
2009). Mound summits seem to have grown to a pecific depth level below the sea sur-
face, at around 580 m water depth (Mienis et al., 2006).

4.2 Methods
4.2.1 Surface sediment sampling

A piston core and box core were recovered during Pelagia cruise 64PE215 at 673 m
depth on the summit of the largest carbonate mound at the SW RT margin (station
MO03-23, 55°30.22'N 13°47.13'W) (Fig. 4.1). The coring location was selected on the
basis of acoustic and seismic reflection profiles and extensive video and photo surveys,
indicating the presence of a thriving living coral cover (Fig. 4.2). A NIOZ designed box
core, equipped with a cylindrical barrel of 50 cm diameter and 55 cm high was used to
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collect a complete and undisturbed top sample of the living coral cover and underly-
ing sediment. Upon retrieval the box core barrel is closed by a lid, which allows for the
collection of undisturbed sediment and overlying bottom water. After careful removal
of the loose coral framework on top of the sediment, sub-cores for sedimentological
analysis were subsequently taken by inserting wet PVC liners into the sediment.

The NIOZ built piston corer with a head weight of 1500 kg and fitted out with a 6
m long coring barrel with an 11 cm diameter PVC liner was used to collect a long core
of the sediment below the recent coral cover. Upon retrieval the piston core was cut in
sections and immediately scanned for downcore magnetic susceptibility at 2 cm reso-
lution, using a Bartington MS2C magnetic susceptibility sensor with a 12 cm diameter
loop. The piston core and sub-core of the box core were frozen and then cut with a dia-
mond saw, allowing preservation of internal sedimentary structures and macrofossils.

4.2.2 Laboratory methods

Compositional analysis

The cores were described and one half of the core was cut in 1 cm slices, which was
then freeze dried. Samples were wet-sieved on a 63 pm sieve in a closed water circle
retaining both the < 63 um and > 63 um fraction (ideally < 1% sediment loss). The <
63 pm fraction was freeze dried, while the > 63 pm fraction was dried in an oven and
dry sieved into 5 different fractions, (63-150 pm, 150-500 pm, 0.5-1 mm, 1-2 mm,
> 2 mm). The fractions were examined at 5 cm (box core) and 10 cm (piston core) in-
tervals. The fractions > 2 mm and 1-2 mm were integrally examined, using a stereo
microscope and sorted into different classes of components. The different classes were
weighed and their relative abundance was expressed in weight percentages of the total
sample weight. The fractions 0.5-1 mm and 150-500 pum were split with a micro-split-
ter to obtain representative splits of ~ 300 particles, which were sorted and counted
under a stereomicroscope. Assuming a unit weight for the different particles within a
fraction, the percentages of the different classes per fraction were converted to weight
percentages of the total sample. From the fraction 63 pm-150 um only a selection of
samples was counted under a stereomicroscope, whilst selected samples of the frac-
tion < 63 pm were analysed with the help of a Scanning Electron Microscope (SEM).

For the sediment fraction < 63 um, which is too small for effective routine micro-
scopic component analyses total carbonate, non-carbonate and organic materials were
chemically quantified. Total organic carbon was measured via gas chromatography of
CO2 gas released by flash combustion of sediment samples, using the Thermo Elemen-
tal Analyser Flash EA 1112. Sediment samples were prepared, following the methods
ofVerardo et al. (1990). Sieved samples of the fraction < 63 pm were measured at 5 cm
intervals in the box core and at 10 cm intervals in the piston core.

The relative contribution to the bulk sediment of the two major sediment con-
stituents, CaCO, and non-CaCO, lithogenic + siliceous material, was approximated by
summing up the weights of CaCO, and non-CaCO, lithogenic + siliceous material for
all the analysed sieve fractions and dividing both fractions by total sample weight. For
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Depth Lab code Species Uncorrected Calendar age BP age range
(cm) C age(yr) (median probability)

39 14965 G. bulloides 2734+ 38 2439 2347-2488

39 14972 L. pertusa 1831 +32 1367 1318-1402
68 14966 G. bulloides 5830+ 60 6249 6183-6301

68 14973 L. pertusa 5086 + 36 5450 5397-5533
119 14967 G. bulloides 10120+ 70 11133 11083-11204
119 14974 L. pertusa 9610 + 60 10474 10414-10545
169 14968 G. bulloides 38600 + 600 43509 42964-44054°
169 14975 L. pertusa 46900 + 2000 n.a.

Table 4.1 Accelerator mass spectrometry (AMS) 14C ages were measured at the J. de Graaf Labora-
tory at Utrecht University.Ages have been corrected for a reservoir effect of 400 yr and have been
converted into calendar years with Calib 5.0 program (Stuiver and Reimer, 1993) and the marine04
calibration dataset (Hughen et al., 2004). * Calendar age (cal BP) using the ‘Fairbanks0107’ calibra-
tion curve (Fairbanks et al. 2005) for the marine environment with a reservoir age of 402 yr.

the 63-150 pum fraction which had not been analysed either chemically or microscopi-
cally, the mean of the <63 um and > 150 pum fractions was used. For organic matter
contents we only refer to the analysis in the < 63 pm fraction, since traces of organic
matter contained in coarser fractions could not be adequately determined by micro-
scopic analysis of components. However, previous analysis of comparable carbonate
mound sediments reported in Mienis et al. (2009) show that the C__ content in the
fraction > 63 pm is about half or less that of the < 63 pm fraction, hence the C,, con-
tent in the bulk sediment will generally be less than that in the < 63 pm fraction.

Stable isotope analyses and dating

To allow correlation with Pleistocene to Holocene isotopic stages and variability in ice
volume, stable oxygen isotope measurements were carried out on the planktonic spe-
cies Globigerina bulloides and benthic species Discanomalina coronata. The benthic fora-
minifer D. coronata is typically associated with cold-water corals (Hawkes and Scott,
2005 and Riggeberg et al., 2007) and is thought to live on top of coral branches above
the sediment surface, thus providing information about near-bed water conditions
during mound development. Pristine individuals of G. bulloides and D. coronata were
picked from the 250 to 300 pm fraction.

Samples were measured with a Gas Bench II equipped with a Delta + mass spec-
trometer at the Vrije Universiteit in Amsterdam. 5 individuals of G. bulloides were used
per measurement and all measurements were duplicated. Benthic foraminifera spe-
cies were crushed with a glass rod in a plastic vial and a small amount was taken for
measurements. Samples were digested in phosphoric acid at a temperature of 40 °C.
Results are reported relative to V-PDB and a GICS carbonate standard, which are rou-
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Core Depth interval ~ Analysed U 230Th/U age Initial 524U(0)  252Th
(cmbs) species (ppm)  (yr) (%o) (ppb)
M2003-23 12-13 L. pertusa 4.474 5110 146.5 0.314
M2003-23 39-42 M. oculata 5.558 1330 £ 40 163.5 1.694
M2003-23 68-69 M. oculata 5.213 5570+ 80 149.8 0.473
M2003-23 119-121 L. pertusa 4.772 10800 + 80 165.7 7.033
M2003-23 226-228 L. pertusa 4.908 246000 + 5000 176.3 3.461
M2003-23 317-319 L. pertusa 3.208 363000 +12000 261.1 14.689

Table 4.2 **°Th/U age determinations of 8 coral samples were carried out at VU University Amster-
dam on a Finnigan 262 RPQ + thermal-ionization mass spectrometer (Fruijtier et al., 2000).
Full procedural blanks for U and Th determinations are 6.1 pg (**U, n = 2) and 7.5 pg (***Th, n = 2).

tinely monitored during sampling runs, giving a long term reproducibility of 0.09%o
80 and 0.05%o 5*3C.

To construct a chronostratigraphic framework, samples of corals (Lophelia pertusa
and Madrepora oculata) and the foraminifer G. bulloides from different depths in piston
core M03-23 were dated by 14C AMS at the Universiteit Utrecht, using ~10 mg of
the sample. All *C dates given were corrected for **C and were calibrated to kilo-years
before presented with the program Calib 5.0 (Stuiver and Reimer, 1993) and the ma-
rine dataset of Hughen et al., (2004), assuming a reservoir age of ~ 400 yr (Table 4.1).
Dates older than 17,000 yr have been calibrated with the method of Fairbanks et al.
(2005). *C ages are compared with U/Th ages of coral samples of the same material,
collected from the core.

All coral samples selected for U/Th dating (Table 4.2) were ultrasonically cleaned
and subsequently scrubbed to avoid remains of organic tissue and surface contami-
nants (Cheng et al., 2000). A small amount of all the samples was analysed by X-ray
diffraction (XRD) to check for purity of the skeletal aragonite. In some parts of the
core, coral branches were too corroded and/or dissolved to be used for U/Th. 2°Th/U
age determinations of 8 L. pertusa samples were carried out at the VU University Am-
sterdam on a Finnigan 262 RPQ + thermal-ionization mass spectrometer (Fruijtier et
al., 2000). Full procedural blanks for U and Th determinations are 6.1 pg ***U and 7.5
pg 232’1‘1,1.

4.3 Results
4.3.1 Box core

Box core M03-23 contained a 20 cm thick layer of open coral framework, resting on
top of biogenic carbonate sand and silt mixed with coral and other coarse bioclastic
materials (Fig. 4.2B). The coral framework was mainly formed by dead colonies of L.
pertusa, M. oculata and Stylaster sp., variably overgrown by fouling organisms and a
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Figure 4.2 A. Bottom photograph of station M03-23, showing a thriving cold-water coral cover. Living
colonies are growing on top of a thick layer of coral debris. B. Photograph of box core M03-23 after re-
trieval. The box core contained living colonies of Lophelia pertusa, Stylaster sp. and associated fauna
like anemones, crustaceans and sponges on top of a 20 cm thick layer of coral debris. C. Photograph of
box core M03-23 after removal of the loose coral framework.

few living colonies of L. pertusa and Stylaster sp. In addition a variety of other living
benthic fauna, including crustaceans, sponges, anemones, bryozoa and molluscs were
found in and on the coral framework (Fig. 4.2). The surface sediment layer, immedi-
ately below the open coral framework consisted predominantly of gravel sized skeletal
debris up to 75%, including cm-sized coral branches (up to 8 cm long) (Fig. 4.2C). Be-
low this layer coral was only found as small centimeter-sized branches embedded in a
matrix of silty coarse biogenic sand to sandy silt (Fig. 4.3). Down to 6-9 cm core depth
the sediment was oxidized having a greyish yellow colour. Below this depth a change
to grey sediment was observed and the sediment consisted of fine sandy silt with coral
debris. X-radiograph images of the core show a downcore increase of the amount of
coral debris, towards skeletal supported sediment (Fig. 4.3).

The content of gravel sized material in the core is decreasing from 75% to 20%
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Figure 4.3 A. X-radiograph and description of box core M03-23. The core description shows the down-
core distribution of coral branches in a matrix of mainly sand sized sediment B. Graphs show the
grain-size distribution (gravel, sand, and silt/clay) of sediment as present in the box core, measured
at 5 cm intervals. Sediment consists of up to 80% of CaCO3. In the fraction < 63 um, total organic
carbon values are decreasing with depth from 0.8% at the top to 0.4% at the bottom of the box core.

in the top 5 cm of the core. The average content of clay-silt and sand sized material
amount respectively to 45% and 20%. On average up to 80% of the material consists
of CaCO,. Organic carbon in the < 63 pm fraction is 0.8% at the surface and is rapidly
decreasing in the top 10 cm of the core to 0.4%.

4.3.2 Piston core

Piston core M03-23 with a total length of 440 cm consists entirely of biogenic car-
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Figure 4.4 Description and photograph of piston core M03-23. The piston core shows an alternation
of skeletal dominated and cement dominated intervals and a division is made in 6 intervals. Several
pebble layers have been observed in the core. B. Graphs showing the grain-size distribution of gravel,
sand and silt/clay. C. Magnetic susceptibility profile of core M03-23. D. Graph showing the distribu-
tion of non-carbonate and carbonate particles in piston core M03-23. Main contributors are stones
and sponge parts, the last being absent in the lower part of the core probably as a result of dissolution.
E. Graph showing the distribution of pelagic particles in the fraction > 150 um. Main contributors
are planktonic foraminifera and pteropods. F. The % Corg of the fraction < 63 um, showing decreas-
ing values downcore and stable values around 0.3% below 190 cm. U/Th and 14C ages of corals and
planktonic foraminifera (*) are indicated (details Table 4.1 and Table 4.2).

bonate sand and silt with variable amounts of coral debris and other coarse grained
bioclastic material. On average more than 40% of the piston and box core sediment
consists of sand sized particles (Fig. 4.4).

Down to 120 cm depth the sediment appears essentially the same as found in the
box core, both in texture and overall composition with a relatively high coral content.
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However, from 126-176, 224-312 and 405-440 cm, a conspicuously different lithol-
ogy is found, consisting of partially cemented carbonate sediment with reduced coral
content. The piston core can be subdivided in 6 intervals of alternating coral (skeletal)
dominated (intervals I, IIl and V) and cement dominated intervals (intervals II, IV and
VI) (Fig. 4.3). Coral fragments and cemented aggregates are the main contributors to
the sediment > 150 um, respectively (Fig. 4.4).

Dating by *C AMS and U/Th indicates that the upper 120 cm (interval I) of the
core represents the Holocene period (Fig. 4.4, Table 4.1 and Table 4.2), which gives
an average sedimentation rate of 1 cm per 100 yr. Planktonic foraminifera dated in
the top 120 cm of the core consistently yield ages 650-1080 yr older than the coral
branches at the same depth levels. A few tens of centimetres below the base of the
Holocene much older ages of corals of 246,000 and 363,000 yr are found, indicating
either very low sedimentation rates for the pre-Holocene period or one or more peri-
ods of extensive non-deposition or erosion (Fig. 4.4).

The Holocene period (interval I) is characterised by stable oxygen isotope values
of G. bulloides, between 0.8 and 1.9%eo. Increasing values up to 2.6%o at 130 cm, likely
represent the Younger Dryas cold spell (Fig. 4.5). Isotope values of G. bulloides increase
in intervals IT and III to 3.8%., reflecting on average relative cold surface water condi-
tions and a larger global ice volume. Cemented intervals IV and VI are characterised by
relatively lighter isotopic values, fluctuating around 2%o, whereas, skeletal dominated
interval V shows values around 3%o (Fig. 4.5).

The stable oxygen isotope record of the benthic foraminifera D. coronata shows a
comparable trend to the stable isotope record of the planktonic foraminifera although
generally with lighter values and smaller variability. Values increase from 1.5 to 1.8%o
during the Holocene with a slight increase in interval II, towards 2%o. A major shift
towards heavier values is shown in interval III to 2.6%o. Intervals IV to VI are charac-
terised by heavy isotope values varying between 2.3 and 3.1%o.

Holocene (interval I)
Interval I consists of biogenic silt and sand with centimeter-sized coral debris, with
varying amounts of coarser biogenic material including centimeter-sized coral debris.
The content of clay/silt, sand and gravel sized material varies between 25-50%, 20-
55% and 10-45% respectively. CaCO, composes between 7 and 20% of the bulk sedi-
ment. Organic carbon values of the fraction < 63 pm decrease downcore to 0.25% at 55
cm, below which a small increase is observed between 55 and 100 cm to 0.5% (Fig. 4.5).
Skeletal dominated interval I contains the most diverse assemblage of fossil com-
ponents, more than in any of the deeper intervals. Corals are by far the most abundant
component and coral fragments are in general layered parallel to the surface. Interval
I also contains bryozoa, sponges, benthic foraminifera, bivalves, brachiopods, gastro-
pods, echinoderms, echinoids, cirripeda, crustacean, ostracoda, fish parts and ter-
rigenous material. Interval I contains a relatively high amount of sponge fragments,
which are completely absent in the deeper part of the core (Fig. 4.6). About 30% of the
particles > 150 pm are of pelagic origin, mainly consisting of planktonic foraminifera,

81



Chapter 4

pteropods and a minor fraction of radiolarian (Fig. 4.4). SEM analysis showed that the
smallest particles (< 63 pm) are mainly coccoliths.

Pre-Holocene (intervals II-1V)

Partially cemented biogenic sand with few recognisable coral fragments is found be-
tween 126-176 (interval II), 224-312 (interval IV) and 405-440 cm (interval VI), al-
ternating with non-cemented coral rich biogenic sand. The cemented intervals contain
a higher percentage of fine material than the non-cemented skeletal dominated inter-
vals (Fig. 4.4). In skeletal dominated intervals 30% of the particles are smaller than
150 pm; this can increase in cement dominated intervals to values up to 60%.

The amount of carbonate is increasing, towards amounts of up to 90% in interval II.
Interval III shows an increase to almost 100%. The lowest carbonate values in interval
III correspond with the heaviest stable oxygen isotope values from planktonic and
benthic foraminifera. Intervals IV and VI are characterised by carbonate values up to
90% (Fig. 4.4), while skeletal dominated interval V shows values up to 100%. Stable
values of C__around 0.3% are found in the entire core below 130 cm.

Partially cemented and skeletal dominated intervals basically have the same com-
ponents in the > 150 pm fraction, but aragonitic components like corals and gastro-
pods are much reduced or even absent in cement dominated intervals, being partially
or almost completely dissolved and abraded. That aragonitic skeletal material was
much more abundant is shown by the presence of imprints or internal molds (Fig.
4.7). Due to the reduction of aragonitic components, calcitic groups, like echinoids,
echinoderms and brachiopods are relatively enriched in cemented intervals. Dissolved
aragonite is mainly precipitated as a secondary calcite. SEM pictures show that cocco-
liths act as nucleation sites for precipitation (Fig. 4.7), whereby the amount of calcite
overgrowth in cemented sections is increasing downcore.

Non-carbonate lithic and siliceous material accounts for 2-18% of bulk sediment.
Maxima generally correspond to well defined layers of black lithic grains and small
pebbles, which occur in the fraction > 150 um at 125, 170, 185, 255, 312 and 412 cm.
Throughout the core an average 2% of the components are lithic grains (Fig. 4.6). A
peak of lithic material at 250 cm core depth, is related to the local presence of large
pebbles in the core. Peaks in magnetic susceptibility correspond to the layers enriched
in black grains and pebbles. Some of these layers seem to coincide with boundaries
between skeletal and cement dominated intervals. A pebble layer is present at the
boundary between intervals I-II and IV-V.

4.4 Discussion

4.4.1 Recent sedimentation

At our study site at the Rockall Bank, the presence of a coral framework plays a key role
in mound formation and build-up. In the first place, producing the skeletal carbonate
material which composes up to 90% of the recent carbonate mound sediment > 150
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Figure 4.5 A. Stable oxygen isotope curves of the planktonic foraminifera G. bulloides and B. Benthic
foraminifera D. coronata. Both records show the same trend, which means that surface watermasses
and intermediate watermasses, in which the mounds occur are responding in a similar way to changes
in ice volume. *C ages of planktonic foraminifera are indicated and U/Th* ages of corals.
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Figure 4.7 A. Photograph of molds of
coral polyps from 259 cm core depth
and a L. pertusa polyp, which was
alive when collected. Mainly arago-
nitic species are dissolved in cement-
ed intervals, like corals, which were
initially present in the sediment. B.
Example of overgrowth of calcite
crystals on coccoliths. The amount of
dissolution and overgrowth increas-
es downcore.

pum. Secondly the corals are bio-engineers, building a coral framework that forms an
important substrate and suitable habitat for lots of other organisms, many of which
also produce skeletal material. In the fraction > 150 um more than 70% of the mate-
rial between the coral framework is produced locally by the benthic fauna. Third, in
an environment with strong bottom currents, the coral framework will enhance the
deposition of sediment, by creating local relatively low energy micro environments,
allowing the settling and accumulation of material sinking out from the water column
between the coral branches (Dorschel et al., 2007b and Mienis et al., 2009). Planktonic
foraminifera and pteropods are the main contributors of sand sized pelagic material,
trapped between the coral framework, whereas coccoliths are important components
in the fine sediment fraction. Fourth, the coral framework will protect the loose sedi-
ment from being eroded by bottom currents. Tidal currents measured on the Rockall
Bank reach current speeds of up to 45 cm s* (Mienis et al., 2007 and White et al.,
2005), which are high enough to even resuspend sand sized materials, including fora-
minifera (Mienis et al., 2009). Indeed in areas without coral cover surrounding the
carbonate mounds, giant sand waves and dunes and relict glacial sediment, testify of
current dominated sedimentation regime on the RT margins (De Haas et al., 2009 and
Wheeler et al., 2005).
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The firm coral framework on top of the sediment is disintegrated to rubble, before
being buried in the sediment. A similarly loose coral cover was also observed in many
other cores from carbonate mounds on the RT margins (De Haas et al., 2000, De Haas
and Mienis, 2003 and De Stigter and De Haas, 2001). It demonstrates the destruc-
tive force of the bio-eroding community that invades the coral skeleton as soon as it
loses its protective mucus layer (Beuck and Freiwald, 2005 and Reitner, 2005). Break-
down is also promoted by the low sedimentation rates which do not exceed 10 cm
kyr?, resulting in prolonged exposure of the dead coral framework to bio-eroders. The
framework may be preserved intact when the sedimentation rates are high enough to
keep track with the upward growth of the corals or when corals are suddenly buried
by a mass sedimentation event (Noe et al., 2006). However, sedimentation rates on
the carbonate mounds are usually two orders of magnitude less than the presumed
growth rate of the most common cold-water corals (De Haas et al., 2009).

Coral debris accumulating at the sediment surface is expected to have a similar or
slightly older age than the sediment matrix, in which they are embedded. However,
dating shows that coral fragments in the top interval of the core are relatively young,
compared to foraminifera from the sediment surrounding the corals (Fig. 4.3). This
discrepancy can be explained as the effect of biological mixing of the surface sediment
layer, caused either by resuspension or bioturbation. The distribution of excess ?*°Pb,
measured in cores from carbonate mounds at the SW RT margin demonstrates that
the upper 5-10 cm of the sediment is subject to active biological mixing (De Haas et
al., 2009). Taking the average Holocene sedimentation rate of 10 cm kyr™ into account,
this would imply that sediment of 500-1000 yr old is in reach of recent bioturbation
and will be partially mixed with younger surface sediments.

The relative homogeneous texture and composition of the upper 120 cm of the
core imply that the sedimentation regime has not changed markedly during the Holo-
cene. Benthic and planktonic oxygen isotope curves show the same trend, indicating
that changes in global ice volume and ocean circulation patterns influenced surface
waters as well as the intermediate watermasses at and around the carbonate mounds.

In the same way cores from the Propeller Mound in the Porcupine Seabight show
only a thin layer or even the absence of Holocene sediment on top of the mounds (De
Haas et al.,, 2009, Dorschel et al., 2005, Riiggeberg et al., 2005 and Riiggeberg et al.,
2007), indicating possibly that these mounds are in the final phase of mound build-up
(Huvenne et al., 2005 and Ruggeberg et al., 2007). This may be explained by a patchier
and less dense coral cover, producing less autochthonous carbonate material, trapping
less pelagic material and shielding the sediment less effectively against erosive bottom
currents. The contribution of land-derived material is distinctively larger in the Porcu-
pine Seabight, accounting for 30-70% of carbonate mound sediments (Riiggeberg et
al., 2007). This clearly reflects the greater proximity of the Porcupine Seabight to con-
tinental margin sediment sources (Dorschel et al., 2005 and Riiggeberg et al., 2007).
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4.4.2 Pre-Holocene

The pre-Holocene part of the core is characterised by an alternation of skeletal and
cemented intervals. Component diversity does not change much throughout the core,
however the relative contribution of components to the sediment differs highly be-
tween the skeletal and the cemented intervals. Although the abundance of aragonitic
components is greatly reduced in cemented intervals, the presence of imprints and
molds shows that they were initially present in the sediment. Other groups of organ-
isms like pteropods, gastropods, crustaceans, serpulids and sponges also seem to have
undergone post-depositional dissolution. The presence of IRD layers in cemented in-
tervals, suggest that diagenesis is an ongoing process in the carbonate mounds and
cementation seems to be not only related to glacial or deglacial periods (Dorschel et
al., 2005, Noe et al., 2006 and Van Weering et al., 2003b). It is proposed that cemented
intervals are formed during warmer periods or shortly thereafter as a result of disso-
lution of mainly aragonitic components and precipitation in the shallow sub-surface.
Secondary precipitation of calcite is visible on SEM pictures of the < 63 pm fraction,
showing overgrowth of calcite on coccoliths. Coccoliths are very important building
components of the carbonate mounds, as they function as nucleation sites for the
precipitation of dissolved carbonate. Precipitation mainly occurs on small particles
like coccoliths, leaving the larger particles (e.g. foraminifera) unaffected (Melim et al.,
2002). Further studies on cemented core intervals should give us more information
about the time of their formation. Taking alteration by secondary dissolution into ac-
count, the complete core is representing a cold-water coral mound facies.

The rapid increase in age of the dated corals with core depth in the intervals pre-
ceding the Younger Dryas (YD), indicates the presence of several hiatuses or intervals
with extremely low sedimentation rates. For stratigraphic comparison the plankton-
ic stable isotope curve of core M03-23 is compared with the stable isotope curve of
nearby situated core ODP980 (McManus et al., 1999). The amplitude (2.2-3.5%o) of
the oxygen isotope curve of core M03-23 is much smaller compared to the amplitude
(1-4%o) of core ODP980 (McManus et al., 1999) (Fig. 4.8). Climatic extremes, such
as glacials and interglacials are not reflected in core M03-23 and mainly intermediate
isotope values were measured. The M03-23 isotope record further suggests that MIS
2 is absent, while only a part of MIS3 is present (Fig. 4.8). Intermediate isotope values
were also measured in piston cores from the Propeller mound in the Porcupine Seab-
ight (Dorschel et al., 2005, Eisele et al., 2008 and Ruggeberg et al., 2007). Measured
ages of corals in this study and other studies from the RT margins and Porcupine Seab-
ight indeed do confirm the absence of corals during the last glacial maximum (LGM)
(Dorschel et al., 2005, Frank et al., 2004, Riiggeberg et al., 2007 and Schréder-Ritzrau
et al., 2003). During the LGM cold-water corals had favourable living conditions in
the southern part of the Northeast Atlantic on seamounts south of 40°N (Schréder-
Ritzrau et al., 2005).

The lack of oxygen isotope values reflecting extreme glacial and interglacial condi-
tions might indicate that during the climatic extremes no significant deposition and/
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Figure 4.8 Isotopic measurements of core M03-23 plotted against depth compared to time
series of isotopic measurements of core ODP980 (McManus et al., 1999). Correlation be-
tween the cores is based on C14 dating of foraminifera in core M03-23 in the upper 170 cm
of the core and U/Th dating of corals in the preceding part. Extreme glacial and interglacial
isotope values are absent in core M03-23, indicating the presence of large hiatuses. Note
that scale of axis changes after 11 kyr.

or periods of more or less dissolution of the coral framework took place. Deposits
could also have been eroded, or the sediment is winnowed and reworked, resulting in
condensed sections in the core. Corals flourished during the Holocene at the SW RT
margin, enhancing mound build-up by baffling of sediment between the coral frame-
work and we see no reason why this should have differed during previous intergla-
cials, which likely were characterised by environmental conditions as found during the
Holocene (Kandiano et al., 2004, McManus et al., 1999 and Rohling et al., 1998). We
consider therefore that extensive erosion of the mounds at the SW RT margin is the
most likely explanation for absence of climatic optima and hiatuses in the core, rather
than non-deposition.

What may have caused the decline of cold-water corals on the RT margins is a
matter of speculation. During glacial periods such as the LGM, the sea ice volume
increased and the sea-level dropped dramatically, both having a strong effect on ocean
circulation patterns (Lynch-Stieglitz et al., 2007, Rasmussen et al., 2003, Rohling et
al,, 1998 and Sarnthein et al., 1995). The drop in sea-level and changes in the cir-
culation pattern of the Atlantic Ocean during glacial periods may have affected the

88



Carbonate accumulation on a cold-water coral mound

primary production above the Rockall Bank (Didie and Bauch, 2000 and Thomas et
al., 1995) and the local hydrodynamic regime around the mounds. In the sedimentary
record of core M03-23 no indication was found of glacial deposits. Only well defined
IRD layers are present in the core, corresponding to peaks in magnetic susceptibil-
ity. Gherardi et al. (2009) and McManus et al., (2004) propose intensified mid depth
circulation during glacial periods comparable to the Holocene hydrodynamic regime,
as opposed to sluggish deep circulation patterns below 2000 m water depth. We pro-
pose that lowered vitality of the corals during cold climatic periods, possibly related
to a reduced food supply, has resulted in breakdown of the protective coral cover on
the mounds, exposing the underlying unconsolidated sediment to erosive bottom cur-
rents during (de)glaciations. The erosion may have halted where partially cemented
sediment became exposed. The geographic position of the Rockall Trough area in the
course of the North Atlantic Current and Continental slope current subsequently as-
sured a fast recovery of the carbonate mounds after glaciation (Bett, 2001).

By contrast, it was suggested that current speed in the Porcupine Seabight de-
creased in glacial times, so that cold-water coral colonies became buried in fine-grained
sediments (Ruggeberg et al., 2005). At the change from a glacial to an interglacial pe-
riod, major parts of the carbonate mounds would become eroded, due to an increasing
strength of the near-bed current regime (Manighetti and McCave, 1995).

4.5 Conclusion

Component analysis of a piston and box core taken from the summit of a carbonate
mound at the SW RT margin shows that a cold-water coral mound facies is present
in both cores. Up to 70% of the sediment particles >150 pm in the cores consist of
fragments of corals and other fauna living at the mounds. Lithological and composi-
tional differences in the piston core are mostly related to dissolution and cementation
processes, which mainly affect aragonitic species. Coccoliths form important building
components, since they form the nucleation sites of the precipitation of secondary
calcite.

The benthic and planktonic 80 isotope record suggests that hiatuses occur in
the pre-Holocene period and that records of climatic extremes are absent. We have
no indication that the decay of coral cover during glacial periods was due to lowered
near-bed current speed. We suggest that carbonate mound erosion mainly occurs dur-
ing glacial periods and results in the formation of large hiatuses as evidenced in core
MO03-23. Sediment deposition during glacials appears limited to the presence and ac-
cumulation of well defined layers of IRD.

The presence of a thick Holocene interval indicates that the mounds at the SW
RT margin form a thriving community and are still growing, unlike most mounds in
the Porcupine Seabight. Here many mound summits are presently being eroded and
recent conditions in the Porcupine Seabight probably resemble those, as suggested
during glacial times at the SW RT margin.
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Diagenetic processes in carbonate mound
sediments at the south-west Rockall Trough
margin

Abstract

Cold water coral covered carbonate mounds at the south-west margin of the Rockall
Trough form ridges several kilometres long and up to 380 m high. Piston cores ob-
tained at three mound crests reveal the complex internal structure of the mound build
up, with alternating unlithified coral-dominated intervals and lithified intervals. The
most recent lithified interval is covered by corals embedded in a fine grained matrix,
comprising approximately 11000 years of continuous mound evolution. Before this
time #°Th/U dating shows the presence of several hiatuses in mound buildup. Ara-
gonitic coral material is absent or only present as mouldic porosity in the lithified
intervals and coccoliths display widespread overgrowth. Downcore X-ray fluorescence
scanning, computer tomography scan images and petrographic observations indicate
different degrees of diagenetic alteration. The upper boundary of the most recent
lithified interval shows some erosional features, but petrographic observations indi-
cate that initial lithification of the sediments is not related to this erosive event or to
long term non-sedimentation, but to earlier sub-surface diagenesis. Organic matter
oxidation and the subsequent lowering of the saturation state of the carbonate sys-
tem drives dissolution of the unstable aragonitic coral skeletons. Depending on the
openness of the system, this can lead to precipitation of a more stable low-magnesium
carbonate. A model is presented describing the sedimentary and diagenetic processes
leading to the formation of lithified intervals.

This chapter is based on: Van der Land, C., Mienis, F.,, De Haas, H., Frank, N., Swennen,
R., Van Weering, T.C.E. (2010) Diagenetic processes in carbonate mound sediments at the
south-west Rockall Trough margin. Sedimentology 57, 912-931
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5.1 Introduction

In the north-east Atlantic Ocean, kilometres wide carbonate mounds are found on
both sides of the Rockall Trough (Akhmetzhanov et al., 2003; Kenyon et al., 2003;
Van Weering et al., 2003a), on the western Rockall Bank (Wienberg & Hebbeln, 2005)
and in the Porcupine Seabight (Huvenne et al., 2002, 2003). Studies of these mounds
revealed that their tops are populated by a thriving coral community dominated by
the framework-forming species Lophelia pertusa and Madrepora oculata (Rogers, 1999;
Freiwald, 2002; Roberts et al., 2006). The coral framework plays a key role in mound
formation and build-up by creating a local lower energy environment which enhances
sedimentation and prevents erosion.

Several models have been proposed to explain and highlight the processes influ-
encing carbonate mound growth over time. Most models emphasise variations in cli-
mate and the associated changes in ocean circulation as the main driving factors for
mound growth and variations in mound accumulation rates (Kano et al., 2007; Rugge-
berg et al., 2007; Eisele et al., 2008; De Haas et al., 2009; Mienis et al., 2009a).

The carbonate mound provinces west of Ireland contain lithified carbonate sedi-
ments, which are either exposed along erosive mound flanks (Van Weering et al,,
2003a, b; Noé et al., 2006) or are found embedded in the mound sediments (De Haas
et al., 2009; Mienis et al., 2009a). They stabilise the steep mound flanks and provide a
stable colonisation substratum for corals and associated fauna when exposed (Noé et
al., 2006; Dorschel et al., 2007; Ruggeberg et al., 2007).

The diagenetic evolution of these lithified carbonate sediments has yet to be in-
vestigated. By applying different techniques [e.g. X-ray fluorescence (XRF), magnetic
susceptibility, petrography] on lithified intervals embedded in unlithified sediments,
the aim of this chapter is to assess the lithification processes prior to exposure of the
sediments to sea water. Sediments below and above the lithified intervals were dated
and (initial) hardground formation was put into a stratigraphic framework. It is the
objective of this chapter to describe and assess the pathways and processes of early
lithification of carbonate mound sediments, the modification of its components and
the initial cementation.

5.1.1 Geological and hydrodynamic setting

Carbonate mounds are present along the margins of the Rockall Bank which forms an
elongated NE-SW trending topographic high (100 to 300 m water depth) defined by
the Hatton-Rockall Basin to the west. It is isolated from the British and Irish mainland
by the Rockall Trough with depths of up to 3000 m, which opens into the Porcupine
Abyssal Plain to the south (Fig. 5.1).

At the south-west Rockall Trough margin carbonate mounds occur between 600
and 1000 m water depth (Akhmetzhanov et al., 2003; Kenyon et al., 2003; Van Weer-
ing et al., 2003b; Mienis et al., 2006) in an area with a strong current regime (White
et al., 2005; Mienis et al., 2007). This hydrodynamic regime provides abundant food
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Figure 5.1 (A) Overview of the Rockall Trough region west of Ireland (contour interval 500 m), HRB
= Hatton-Rockall Basin, PAP = Porcupine Abyssal Plain. (B) Locations of piston cores (*), on detailed
bathymetric map (contour interval 25 m) of the mound province, see Table 5.1 for coordinates. M2001
and M2003 are station names of cruises 64PE182 or 64PE251 respectively.

to the corals, prevents them from getting buried and causes local erosion/non-depo-
sition and the presence of relict glacial deposits (dropstones) on the seabed. Irregular
growth of the corals in time and space produces a laterally heterogeneous sedimenta-
tion pattern (De Haas et al., 2009)

Underneath the mounds two regional unconformities have been observed, the
youngest (C10) being of late early Pliocene age (Stoker et al., 2005; Shannon et al.,
2007). The C10 unconformity marks the onset of a current dominated environment,
leading to the presence of winnowed deposits in the Rockall Trough and along the
Irish margin. The winnowed, coarse sediments probably provided a suitable substrate
for extensive coral colonization (Wilson, 1979) and subsequent mound growth and
development (Kenyon et al., 2003; Van Weering et al., 2003b; Mienis et al., 2006).
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Station Lattitude Longitude Waterdepth Recovery
M2001-28 55°32.860N 15°39.800W 671 244
M2001-43 55°32.710N 15°40.550W 634 205
M2001-39 55°31.260N 15°39.790W 782 60
M2003-23 55°30.22TN 15°47.113W 673 427
M2003-21 55°29.620N 15°48.236W 563 86
M2003-28 55°25.904N 16°66.837W 822 158

Table 5.1 Piston core locations from north-east to south-west, with water
depth in metres and core recovery in centimetres.v

5.2 Methods
5.2.1 Data collection and sedimentological data

Piston cores were obtained with a NIOZ designed piston corer on board RV Pelagia
during cruises 64PE182 (July 2001) and 64PE251 (August 2003) (De Stigter & De
Haas, 2001; De Haas & Mienis, 2003). Sampling stations were chosen based on bathy-
metric data, seismic and acoustic surveys and video imaging collected during these
and earlier cruises (Fig. 5.1, Table 5.1).

Cores with a high coral content were cut with a diamond saw while frozen. The
surfaces of the split cores were cleared of saw dust before defrosting. Cores M2001-
28, M2001-43 and M2003-23 were scanned with a medical Siemens Somotom Plus
4 Power Computer Tomography (CT) scanner, at the Academic Hospital of Leuven
with a spatial resolution of 900 pm. Sections containing the upper part of the upper-
most lithified interval in cores M2001-28 (156.3 to 163.8 cm below seafloor (cmbs)),
M2001-42 (152.4 to 163 cmbs) and M2003-23 (122.5 to 130.9 cmbs) (Fig. 5.2) were
scanned with a spatial resolution of 200 pm. X-ray images are plotted in intensity grey
scale logs, lighter colours correspond to denser material.

Magnetic susceptibility measurements at 1 cm resolution were obtained with a
Bartington point sensor (MS2B) in the GEOTEK Multi Sensor Core Logger (MARUM,
University of Bremen, Germany) on the surface of the split cores. Intensity values are
reported in dimensionless SI units.

Down core element distributions were measured using the CORTEX XRF core
scanner following the methodology of Jansen et al. (1998) and Richter et al. (2006).
The obtained element intensities are reported in counts per second (cps), which were
converted to log-ratios of intensities for iron-calcium and strontium-calcium. Log-
ratios of intensities may be converted to log-ratios of concentrations by simple linear
transformations and provide the most straightforward interpretable signals of rela-
tive down core changes in chemical composition (Weltje & Tjallingii, 2008). A five-
point running average was applied to both the down core XRF and magnetic suscepti-
bility records in order to remove outliers.
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Core Depth Analysed u 20Th/U age 624U B2Th
(cmbs) fraction (ppm) (years) (%0) (ppb)
M2003-23 12-13 L. pertusa 4.474 51+10 146.5 0.314
M2003-23 39-42 M. oculata 5.558 1330+40 163.5 1.694
M2003-23 68-69 M. oculata 5.213 5570+80 149.8 0.473
M2003-23 119-121 L. pertusa 4.772 10800+80 165.7 7.033
M2003-23 226-228 L. pertusa 4.908 246000+5000 76.3 3.461
M2003-23 317-319 L. pertusa 3.208 363000+£12000 261.1 14.689
M2001-28 18-19 L. pertusa 3.230 830+20 172.6 2929
M2001-28 159-160 L. pertusa 4.219 11000+50 171.0 4.299
M2001-43 top L. pertusa 1.712 110+5 168.8 0.693
M2001-43 90-91 L. pertusa 4.274 5920+480 168.4 1.762
M2001-43 152-154 M. oculata 4616 10900£110 174.6 12.603

Table 5.2 U and **°Th concentrations, initial §**U and ages for L. pertusa pertusa and Madrepora
oculata deep-sea corals from cores M2003-23, M2001-43 and M2001-28.

For cores M2001-28 and M2001-43, fixed volumes of water saturated sediment
were collected at 10 cm intervals. Porosity was determined from the volume and the
difference between wet and dry weight, with a correction made for pore-water salt
content.

A total of 30 thin and thick sections from lithified intervals of cores M2001-28,
M2001-43 and M2003-23 were prepared at the geotechnical laboratories of the Vrije
Universiteit, Amsterdam and Katholieke Universiteit, Leuven. A fluorescent resin was
used to fill the pores in 10 specimens to better clarify the (micro) porosity and (micro)
structures. Thin section point counting was done over a 2D grid with points distanced
1.5 mm apart, averaging 240 points per thin section. Component analyses of 11 (un-
lithified) samples from the upper 120 cm of core M2003-23 (Mienis et al., 2009a) were
used to compare the composition of unlithified sediment with that of lithified sedi-
ment.

Scanning Electron Microscope (SEM) images of lithified sediments (eight samples)
and unlithified sediments (five samples) were obtained at the Vrije Universiteit, Am-
sterdam with a JSM 6310F (JEOL). For lithified sediments approximately 1 cm? of ma-
terial was mounted on a brass stub. Samples from unlithified sediments were spread
out evenly across the plate.

5.2.2 Age determination

All coral specimens selected for dating (Table 5.2) were ultrasonically cleaned, leached
in a weak acid (diluted ascorbic acid + Na,EDTA at 60 °C) and subsequently scrubbed
to avoid the remains of organic tissue and surface contaminants (Cheng et al., 2000).
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A small portion of each sample was analysed by X-ray diffraction to check for purity of
the skeletal aragonite.

#0Th/U age determinations of eight L. pertusa and three M. oculata samples were
carried out at the Vrije Universiteit, Amsterdam on a Finnigan 262 RPQ+ thermal-
ionization mass spectrometer (Fruijtier et al., 2000). Samples were dissolved in HNO3
and spiked with a **Th-*3U solution. Uranium and thorium concentrations, initial
8%*U and ages for each sample are shown in Table 5.2. Full procedural blanks for ura-
nium and thorium determinations are 4.52 pg #®*U (n=2) and 4.55 pg ***Th (n=2).

5.3 Results
5.3.1 Sediment characteristics and stratigraphy

Carbonate mound sediment cores display alternating unlithified coral-dominated in-
tervals (C-1 to C-3 in Figs 5.2 and 5.3) and lithified intervals (L-1 to L-3 in Figs 5.2 and
5.3). Core M2001-43 recovered the top of one lithified interval at 159 cm core depth
(L-1), while core M2001-28 penetrated through one lithified interval between 159 and
182 cm (L-1) and recovered part of a deeper lithified interval at 228 cm core depth (L-
2). The longest recovered core M2003-23 (440 cm) contains three lithified intervals;
the uppermost from 126 to 176 cm (L-1), then from 224 to 312 cm (L-2) and the deep-
est (probably not fully recovered) from 405 to 440 cmbs (L-3). In between these lith-
ified intervals the unlithified intervals C-1 to C-3 consist of a coarse scleractinian coral
packstone to rudstone in a foraminiferal packstone matrix. Coral fragments are largely
of the species L. pertusa and M. oculata and can be up to 7 cm in length (Fig. 5.4A and
B). The high density contrast in CT-scan images between cold water corals (white co-
lour) and the surrounding matrix (dark grey to black colour) allows differentiation if
the coral branches are longer than 2 cm (Fig. 5.4). Sediments between the corals are
mainly composed of planktonic and benthonic foraminifera, ostracodes, brachiopods,
bivalves, gastropods and echinoids in variable amounts (Mienis et al., 2009a). For the
uppermost coral-dominated interval (C-1) of cores M2001-28 and M2001-43 these
matrix sediments have an average porosity value of 62% (n=30, Fig. 5.3). Some of the
L. pertusa branches are interconnected and form a rigid framework. On average 30%
of the sediment is smaller than <63um, this micritic fraction consists mainly of cocco-
liths (Mienis et al., 2009a). Distinct bioclastic packstone to grainstone layers up to 30
cm thick are observed in C-1 to C-3 (Fig. 5.2); in CT-scan images these layers have light
to dark grey colours with a low amount of high density, angular material.

Some layers in the unlithified sediments contain coral fragments with iron or
manganese staining (indicated by Fe-Mn in Fig. 5.2). These Fe-Mn stained layers can
be clearly observed in CT-scan images by their high amount of coarse bioclasts and
relatively low amount of fine-grained matrix sediments (Fig. 5.4D). The density con-
trast in CT-scan images between coral fragments and the surrounding matrix is less
clear in these layers. Core M2003-23 contains two Fe-Mn rich layers, from 176 to 215
cmbs and from 312 to 355 cmbs and core M2001-28 contains a similar layer from 182
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Figure 5.2 Sedimentology of carbonate mounds of the SW Rockall Trough
mound province based on split core observations, component analysis
(Mienis et al. 2009a) and CT-scan images. Photograph of core sections
to left side of lithologic column. U/Th ages obtained on coral material see
Table 5.2 for details. Calculated sedimentation rates for the last ca. 11
kyr assume that no hiatuses exist in this interval.
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to 200 cmbs, all directly underneath a lithified interval.

Lithified intervals consist of an echinoid floatstone or a brachiopod packstone to
floatstone in a well cemented foraminiferal packstone (Fig. 5.2). In CT-scans the lith-
ified matrix surrounding the clearly observed echinoid and brachiopod fragments is
only slightly lighter coloured than that of the unlithified bioclastic packstone to grain-
stone layers, but it is much lighter (=denser) than the unlithified matrix sediments
of the coral packstone to rudstone (Fig. 5.4). The porosity of the uppermost lithified
interval (L-1) in cores M2001-28 and M2001-43 has an average value of 46% (n=6),
this implies a reduction in porosity of 26% for L-1 when compared to C-1. Contacts
between lithified and unlithified intervals can be gradual or sharp (Fig. 5.2) and are
reported in stratigraphic order, from bottom to top. The upper part of L-3 (only found
in core M2003-23 from 405 to 440 cmbs) displays a gradual decrease in the amount of
lithified material between 405 and 412 cmbs. The contact between C-3 and the overly-
ing L-2 at 312 cmbs in core M2003-23 is very sharp with a flat contact surface. The
contact between L-2 and C-2 is gradual with a transition from lithified to unlithified
sediments between 224 and 255 cmbs in core M2003-23. In core M2001-28 a gradual
transition between L-2 (232 to 244 cmbs) and the overlying C-2 is observed between
218 and 232 c¢m sediment depth. The transition from the unlithified sediments from
C-2 to the lithified sediments of L-1 is gradual in both cores. In core M2003-23 the
transition from unlithified sediments to lithified sediments occurs between 155 and
176 cmbs and for core M2001-28 between 164 and 190 cmbs. The sharp and irregular
contact between the uppermost coral-dominated interval (C-1) and the uppermost
lithified interval (L-1) was recovered in cores M2003-23, M2001-28 and M2001-43
(Fig. 5.4B and C). This contact is approximately at the same sediment depth for all
three cores (Fig. 5.1), at 126 cmbs in core M2003-23, at 160 cmbs in core M2001-28
and at 158 cmbs in core M2001-43.

Discrete centimetre-thick layers with a higher concentration of black lithoclasts
are observed at 126, 170, 185, 255, 312 and 412 cmbs in core M2003-23, at 159 and
232 cmbs in core M2001-28 and at 157 cmbs in core M2001-43 (Figs 5.2 and 5.3). The
lithoclasts are sub-angular and are moderately sorted with diameters between 1 and
5 mm. These lithoclast-rich layers sometimes occur associated with the transitions
between lithified and unlithified intervals (Mienis et al., 2009a).

5.3.2 Dating and sedimentation rates

Dating of the deep-sea corals yielded *°Th/U ages ranging from 51 to 363000 years
(Fig. 5.2, Table 5.2). Material below L-1 was available only in core M2003-23. The old-
est coral specimen here was found at the top of C-3 with an age of 363 +12 kyr. In the
gradual transition between C-2 and L-2, a coral with an age of 246 +5 kyr was found.
Cores M2001-28, M2001-43 and M2003-23 contain respectively two, three and
five dated corals in C-1 (Fig. 5.2). Corals at the base of C-1 have an age of approximate-
ly 11 kyr for all cores. A coral in boxcore M2003-23 at the top of the coral framework
yielded 230Th concentrations below the detection limit, which implies a very young
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Figure 5.4 X-ray CT-scan characteristics of cores M2003-23, M2001-28 and M2001-43.

(A) Vertical cross-sections through a 3D composite CT-scan picture of C-1 in core M2003-23 and C-1
and L-1 in core M2001-43. Contact between two intervals annotated by dashed line. Coral material
(white), matrix (dark grey) and lithified material (light grey) can be recognised. (B) Vertical cross-
section through high resolution 3-D composite CT-scan picture of contact between coral dominated in-
terval 1 and lithified interval 1 in core M2001-43. Irregular contact between two intervals annotated
by dashed line. Coral (c) and non-carbonate pebbles (p) indicated. Core is 10 cm wide. Bold black lines
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age (<5 years) for this coral branch (Edwards et al., 2003; Frank et al., 2004). Coral
branches sampled at the surface of piston cores M2003-23 and M2001-43 have ages
of 51 +10 and 110 +5 years. In nearby box cores,210Pb measurements also indicate
ongoing sedimentation (De Haas et al., 2009). Consequently, sedimentation is most
likely continuous over the last ca 11 kyr. For core M2003-23 this implies an aver-
age mound accumulation rate of 10.0 +0.1 cm kyr™ over the last 11 kyr and for cores
M2001-28 and M2001-43 accumulation rates of 14.5 +0.1 and 14.2 +0.2 cm kyr™® re-
spectively (Fig. 5.2).

5.3.3 Magnetic susceptibility

In the longest core (M2003-23), up to five peaks can be distinguished in the magnetic
susceptibility signal (Fig. 5.3). From these peaks, four display values above 50 mag-
netic susceptibility intensity (M.S.1.) units, while the peak at ca 410 cm depth is just
below 50 M.S.I. These peaks are present at the same depth where higher concentra-
tions of non-carbonate grains are found. However, not every layer with a higher con-
centration of non-carbonate grains is associated with a peak in M.S. intensity.

The four lowermost M.S.I. peaks in core M2003-23 are not matched in intensity by any
peak in cores M2001-28 and M2001-43. Both core M2003-23 and M2001-28 display
a peak in M.S. intensity at the base of C-2, but values for core M2001-28 are much
lower. Core M2001-28 displays higher M.S. intensities from ca 195 to 180 cmbs, but
with much lower values and a less distinct peak than observed at 185 cmbs in core
M2003-23.

The intensity of the uppermost M.S. peak is comparable in all three cores. Maxi-

mum intensities after applying a 5-point moving average are 75, 90 and 70 M.S.L.
units for cores M2003-23, M2001-28 and M2001-43 respectively. In cores M2001-28
and M2001-43 this M.S. intensity peak starts above the contact between L-1 and C-1,
in core M2003-23 the peak starts below this contact.
The M.S. intensity signal for C-1 is comparable in all three cores, two small peaks af-
ter the high peak at the base of C-1 and a general trend of lower M.S. intensities to-
wards the top. Average M.S. intensities for C-1 are higher then those for L-1 in all
cores. However, lower M.S. intensities for lithified sediments are not observed further
downcore. In cores M2003-23 and M2001-28 L-1 displays higher M.S. intensities than
the underlying C-2 and in core M2003-23 C-2 and C-3 show a similar range of M.S.
intensities as L-2 and L-3.

indicate cross-sections of Fig. 5.4C. (C) Two cross-sections through core M2001-43 obtained with a
CT-scan. Coral dominated and lithified intervals can be discriminated. Irregular contact between two
intervals annotated by dashed line. Coral (c) and non-carbonate pebbles (p) (probably detrital silica)
indicated. Note the small difference in grey scale between the non-carbonate pebble and lithified car-
bonate material. (D) Two cross-sections through core M2003-23 of the interval with Fe/Mn coated
sediments just below lithified interval 1. High porosity (black) and vague outlines of coralline mate-
rial is observed in both cores at this interval.
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5.3.4 XRF

Cores M2003-23, M2001-28 and M2001-43 display similar patterns in iron and
strontium concentrations (Fig. 5.3). For C-1 iron and strontium concentrations are
comparable in all investigated cores. Average iron concentration for C-1 is highest in
core M2003-23 with a In{Fe/Ca} value of -3.72 +0.19. The In{Fe/Ca} values for cores
M2001-28 and M2001-43 are -3.81 +0.27 and -3.93 +0.14, respectively. Strontium
concentrations for C-1 display narrower ranges than iron. Highest average concentra-
tions are in core M2003-23 with a In{Sr/Ca} value of -2.07 +0.19, core M2001-43 has
a In{Sr/Ca} value of -2.27 +0.13 and -2.31 +0.17 for C-1 in core M2001-28. Lithified
sediments generally have lower strontium concentrations than unlithified sediments,
the average In{Sr/Ca} values are -3.08 +0.10 for lithified sediments and -2.17 +0.17 for
unlithified sediments. This is especially apparent in core M2001-43 where the aver-
age In{Sr/Ca} value is 1.4 times lower in the lithified sediments (Fig. 5.3C). Average
In{Sr/Ca} values for lithified intervals in core M2003-23 decrease depending on the
stratigraphic position of the respective intervals, -2.07 +0.17 for L-1, -3.08 +0.14 for
L-2 and -vv6 +0.09 for L-3. A similar relationship is observed for the average In{Fe/
Ca} values for coral-dominated intervals in core M2003-23 with a value of -3.72 + 0.19
for C-1, -4.33 +0.41 for C-2 and the lowest average iron concentrations in C-3 with a
In{Fe/Ca} value of -4.54 +0.29. In core M2001-43 the highest iron concentrations are
found near the contact between C-1 and L-1.

5.3.5 Petrography

A total of 21 thin sections have been investigated (Table 5.3) and are described in
context with the previously defined coral-dominated (C-1 to C-3) and lithified (L-1 to
L-3) intervals. A sample from C-1 (M2003-23, 81 to 86 cmbs) shows a well preserved
coral in an unlithified, porous carbonate matrix with some detrital grains. Foramin-
ifera may display authigenic carbonate precipitates inside their chambers. Minor dis-
solution of the coral fragment appears to have taken place along the former septa. The
most recently formed lithified interval (L-1) consists of a foraminiferal packstone (Fig.
5.5A) with a minor contribution from detrital carbonate grains, silicates and echinoid
fragments. Only in core M2001-43 does L-1 contain relatively more brachiopod frag-
ments. Sediments from L-1 in core M2001-28 contain altered coral fragments with
dissolution fronts in the coralline material (Fig. 5.5C). In cores M2003-23 and M2001-
43 only a small amount of coralline material is present in L-1. The upper boundary of
L-1 is sharp and irregular (Fig. 5.5C and D), which is also observed in CT-scan images
(Fig. 5.4). On a centimetre scale the contact surface between L-1 and C-1 cuts through
the sediments and skeletal components in L-1 (Fig. 5.5D).

The interval just below L-1 in core M2003-23 contains partly dissolved coral frag-
ments and Fe-staining of the matrix sediments. Sediments from L-2 are comparable
to those of L-1 and consist of a foraminiferal packstone with conspicuously lower
amounts of coral fragments compared to unlithified sediments. In core M2003-23 L-2
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Figure 5.5 Initial (early) post depositional processes in carbonate mound sediments. (A) Highly al-
tered coral skeletal fragment indicated by C. The inner border of the coral (on left) is hardly recogni-
sable due to dissolution. Aragonite needles partly recognisable. Below this coral fragment a patch of
detrital grains (DG) is visible. White patches in upper right corner and lower left quadrant are pores
(P). Thinsection (TS) M2001-28 165 cmbs, plane polarised light (PPL). (B) Dissolved cm-sized L. per-
tusa fragment leaving a mold in the surrounding lithified sediments. TS M2003-23 258 cmbs, PPL.
(C) Altered L. pertusa fragment with surrounding sediments indicating several stages of lithification,
bioturbation and erosion. Altered coral fragment (1), lithified matrix sediments (2), bioturbation (3),
erosional surface (annotated by red line) and infill by unlithified sediments (4).See text for discus-
sion. TS M2003-23 184 cmbs, PPL. (D) Detail of contact between lithified interval (lower part) and
overlying (lithoclast rich) sediments (upper part), contact annotated by red line. Foraminiferal and
other skeletal fragments in the lower interval are partly eroded indicating that cementation occurred
before this erosive event. Some eroded fragments are indicated by black arrows. TS M2003-23 184
cmbs, PPL
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Depth (cm) Sub-

From To Interval sample  Short description

Core M2001-28

159 160 LI A Foraminiferal packstone with partly dissolved coral fragments and a high
mouldic porosity. Some voids with altered corals along the edges

159 161 LI B Lophelia floatstone to rudstone in a foraminiferal packstone matrix. Some
corals display signs of extensive dissolution. Formation of replacement
calcite in former aragonitic shell

160 161 LI Lophelia/coral floatstone in foraminiferal wackestone to packstone ma-
trix. Varying coral preservation. Some mouldic porosity

165 166 LI Lophelia floatstone in foraminiferal, bivalve, brachiopod packstone
matrix. Relatively high amount of large (>1 mm) skeletal fragments. Coral
fragments can be up to 5 mm long

Core M2001-43

160 164 LI A Foraminiferal packstone. Some indications for burrowing before com-
plete lithification

160 164 LI B Foraminiferal wackestone to packstone with some bivalve shaped pores

163 165 LI Foraminiferal packstone to grainstone. ca 90% of the sediments consists
of foraminifera

164 1665 LI Foraminiferal packstone. Variations in foraminifera density indicating
some bioturbation. Few benthonic foraminifera, brachiopods, small (<0-5
mm) bivalves and echniodermata

Core M2003-23

81 86 cbn A Lophelia/coral rudstone. Unlithified sediment around well-preserved coral
fragment. Low amount of micritic sediments

127 129 LI A Foraminiferal packstone with erosional contact to overlying unlithified
skeletal/detrital grains. Hints of boring activity in lithified materialv

127 129 LI B Foraminiferal packstone with erosional contact to overlying unlithified
skeletal/detrital grains. Pyrite in burrows in the (now) lithified mavterial

1295 131 L A Foraminiferal packstone, similar to samples at 127 to 129 cm. Note the
occurrence of detrital grains in lithified material as well, only lower
concentration

1295 131 L B Foraminiferal packstone to grainstone, similar to samples at 127 to 129
c¢m. Some hints of pyrite

184 186 CDI2 A Lophelia grainstone to rudstone. Lophelia branches up to 1 cm long. Two
types of matrix, a brownish (Fe) more porous matrix and a more dense
light to dark grey matrix

184 186 CDI2 B Lophelia/coral grainstone. Up to 50% of the sediment consists of inten-
sively altered coral fragments. Some patches of detrital non-carbonate
grains

187 189 CDI2 A Coral rudstone in highly porous matrix. Orange lining along coral edges.
Corals display a wide range of preservation, from nearly pristine to almost
entirely dissolved

187 189 CDI2 B Lophelia/coral grainstone, similar to samples at 184 to 186 cm. Highly

porous. Intact/well-preserved gastropods
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Depth (cm) Sub-
From To Interval  sample  Short description

Core M2003-23

258 265 LI2 A Foraminiferal wackestone to packstone with mouldic porosity. Some
pores are lined with fine-grained material

258 265 LI2 B Foraminiferal packstone, similar to sub-sample A. Small (0-1 to 0-2 mm
diameter) detrital grains present in entire sample

423 426 LI3 Foraminiferal packstone with wackestone patches. Some well-preserved
benthonic foraminifera, bivalves and brachiopods. Mouldic porosity

426 428 LI3 Foraminiferal packstone with mouldic porosity. Abundant equigranular
planktonic foraminifer

Table 5.3 Thin sections obtained from sediments of cores M2001-28, M2001-43 and M2003-23. A
short description is provided.

displays mouldic porosity (Fig. 5.5B). Brachiopod fragments in the brachiopod grain-
stone to rudstone of L-3 are well preserved.
5.3.6 Scanning Electron Microscope

SEM investigations of large skeletal fragments (tests of foraminifera, coral skeletons,
bivalve shells etc.) in the unlithified sediments of C-1 do not show extensive dissolu-
tion features. The fraction <63pum consists of coccoliths, Emiliania huxleyi dominates
(Fig. 5.6A) with minor contributions from Calcidiscus leptoporus and Syracosphaera sp.
Individual coccolith plates are generally well preserved in unlithified sediments.

In the lithified intervals coccoliths display thickening of their skeletal elements
by calcite precipitation (Fig. 5.6B through D). Local preferential cementation results
in the grainy aspect of the lithified micrite in thin sections (Fig. 5.5A and B). Core
M2003-23 shows a distinct downcore increase in calcite precipitation among the lith-
ified intervals.

5.3.7 Composition and mineralogy

Lithified intervals contain similar components as the coral-dominated intervals but in
different proportions (Fig. 5.7A and B). When compared with the component analysis
of C-1 (Mienis et al., 2009a) the lithified intervals of core M2003-23 contain relatively
less coralline material, i.e. 82% versus 2% respectively. Major constituents of the lith-
ified intervals are coccoliths (68%) and planktonic foraminifera (29%) based on point
counting of the thin sections (see section 5.2).

A clear mineralogical off-set between the unlithified and lithified sediments is
evident (Fig. 5.7C and D). Cemented intervals contain relatively less aragonitic fossils
and more low-Mg components. In C-1 approximately 40% of the components have an
aragonitic mineralogy, 51% have a low-Mg calcite mineralogy and less than 2% have a
high-Mg calcite mineralogy. Biogenic silica forms less than 0.5% while lithogenic silica
makes up to 6%. L-1 to L-3 contain only 1.5% aragonitic components, 1,5% high-Mg
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calcite fossils and 3% of the material is lithogenic silica. Up to 94% of the fossils have
alow-Mg calcite mineralogy.

5.4 Discussion

5.4.1 Sediment accumulation rates

Carbonate mound accumulation or net sedimentation is the result of a complex inter-
play of sediment baffling coral framework growing in patches, coral degradation and
non-deposition in between these patches (De Haas et al., 2009). Nevertheless, the
sediment accumulation rates for the most recently formed unlithified coral-dominat-
ed interval (C-1) are comparable for all cores, suggesting a comparable mound growth
history for all three mounds over at least the last ca 11 kyr. Mound growth over the
last 11 kyr took place on top of a partly eroded lithified interval, as is shown by the
erosive contact between L-1 and C-1 (Figs 5.4B and C, 5.5C and D).

Extrapolation of the sediment accumulation rate of 10.0 cm kyr* obtained from
the upper 120 cm in core M2003-23 to the section below implies that several hiatuses
must exist in the period between 363 and 11 kyr ago. The top of L-1 could represent
such a hiatus. This view is supported by the presence of bioturbation and the small
scale erosional features at the top of this interval (Figs 5.4B and C, 5.5C and D). Ex-
trapolating the ?°Th/U age of 246 kyr at 226 cmbs towards the top of L-1 (120 cmbs)
with a sedimentation rate of 10.0 cm kyr® would mean an age of ca 235 kyr at the top
of this interval. With an age of 11 kyr at the base of the overlying C-1, this would im-
ply a non-sedimentation period of over 224 kyr, but more likely indicates one or more
erosional events. The occurrence of one or more erosional events is also evident when
the coral 230Th/U age at 318 cmbs in core M2003-23 is used to calculate a residual
sedimentation rate of 0.88 cm kyr™ for the last 363 kyr, ca 13 times lower than the
sedimentation rate for the last 11 kyr.

Mienis et al. (2006) calculated a net sedimentation rate of 4 cm kyr™ from the early
Pliocene onwards for this mound, this implies much higher sedimentation before 363
kyr ago. Lower sedimentation rates in the upper mound section were also observed
in the complete section of Challenger Mound in the Porcupine Seabight (Kano et al.,
2007) where it was linked to more severe glacial conditions in the last 1.7 Myr, due to
an increase in amplitude of glacial-interglacial change (Lisiecki & Raymo, 2005).

The detrital rich layers and their associated high magnetic susceptibility inten-
sities for cores M2003-23, M2001-28 and M2001-43 display similar patterns in the
upper 2 m. The south-west Rockall Trough margin has been separated from the Irish
continental margin by the Rockall Trough since the Early Miocene (Stow & Holbrook,
1984; Stoker et al., 2005), therefore continuous input from a terrestrial source since
that time seems unlikely. The presence of confined layers of centimetre-sized detrital
grains on the carbonate mounds of the south-west Rockall Trough, therefore, is most
probably related to their transport by, and discharge from, icebergs.
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Figure 5.6 SEM pictures of cementation of coccoliths, cementation increases from A to D. Scale bars
10um. (A) Coccoliths from (unlithified) coral dominated interval 1 in core M2003-23. Coccoliths are
mainly Emiliania huxleyi. Single elements of E. huxleyi plates display some thickening, but are still
clearly recognisable. SEM M2003-23 119 cmbs. (B) Coccolith (indicated by arrow) in lithified interval
1 displays extensive thickening of its plates. SEM M2003-23 184 cmbs. (C) Coccolith debris (indi-
cated by arrows) in lithified interval 1 is hardly recognisable and interlocked into a dense groundmass.
SEM M2003-23 184 cmbs. (D) Coccoliths (indicated by arrows) hardly recognisable, completely over-
grown. Single crystal elements of the coccoliths plates are transformed into spherule shaped forms
(indicated by arrows). SEM M2003-23 184 cmbs.

5.4.2 Diagenesis

Lithological, geochemical and mineralogical characteristics of the carbonate sedi-
ments indicate the significance of post-depositional alterations in carbonate mounds.
Coccoliths in the lithified intervals display thickening of their skeletal elements by
calcite precipitation (Fig. 5.6B and C). This calcite cementation lithifies the sediment
and results in reduced porosity for the lithified intervals. Cementation and recrystal-
lisation of coccolith ooze to such an extent is usually observed in deeply buried pelagic
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Figure 5.7 (A) Components of unlithified C-1 of core M2003-23. Percentages are an average of 11
samples from this interval. Other components with a minor contribution to the sediment include
sponge needles, echinodermata, brachiopods and gastropods. (B) Components in the cemented ma-
terial present in L-1 to L-3 of core M2003-23. Note near absence of coralline material in cemented
material. (C) Mineralogy of C-1 of core M2003-23. The high percentage of carbonates with an arago-
nitic mineralogy is mainly due the high amount of corals. The group “detrital grains” contains detrital
carbonates and detrital silica with various mineral compositions which are not further specified. (D)
Mineralogy of cemented material from L-1 to L-3 of core M2003-23. Note trend towards low-magne-
sium mineralogy in cemented material compared to unlithified (coral dominated) material

carbonate sediments (Schlanger & Douglas, 1974; Borre & Fabricius, 1998). However,
the studied carbonate mound sediments have not undergone extensive burial and the
matrix was lithified before compaction since the skeletal fragments do not display
evident signs of compaction in an unlithified matrix (Fig. 5.5). This suggests that ce-
mentation had already occurred at shallow depths below the sea bed, before the start
of compaction.
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Sea water can be a source of the carbonate ions needed for cementation when it is
pumped through the pores in the sediments. The driving mechanism of the ion supply
into the sediments is a diffusion process maintained by a saturation gradient between
sea water and interstitial water (Allouc, 1990; Noé, et al., 2006). However, in order to
achieve the necessary porosity reduction of 26% from waters with 200% saturation
with respect to calcite approximately 100000 volumes of water must pass through
each bulk volume of rock (Enos & Sawatsky, 1981); this would imply prolonged expo-
sure and possible erosion of the fine-grained sediments. It was observed that initial
lithification took place before erosional scouring created the irregular sharp contact
between L-1 and C-1 (Fig. 5.5C and D).

Another argument against sea water as a source of carbonate ions needed for ce-
mentation is the virtual absence of pristine aragonitic corals in the lithified intervals.
The presence of coral-shaped moulds (Fig. 5.5B) and heavily altered coral fragments
(Fig. 5.5A and C) indicate pristine aragonitic corals were present and underwent (par-
tial) dissolution during lithification processes. Presently, water masses surrounding
the carbonate mounds of the south-west Rockall Trough are saturated with respect
to aragonite (Guinotte et al., 2006; Guinotte & Fabry, 2008), therefore aragonite dis-
solution in the sediments can not be caused by the flushing of aragonite saturated sea
water.

Dissolution of aragonitic corals was already noticed in down core coral quantity
records of core M2003-23 (Mienis et al., 2009a) and is also notable in cores M2001-
28 and M2001-43 presented here. In lithified intervals strontium concentrations are
lower (Fig. 5.3), and in CT-scans as well as thin section analysis total or partial dis-
solution of aragonitic coral fragments is apparent (Figs 5.4 and 5.5). This implies that
aragonite dissolution is synchronous with, or pre-dates the lithification of the matrix
sediments. However, at some depths the presence of coral-shaped moulds in a lithified
matrix suggests that coral dissolution could post-date lithification of the surrounding
matrix (Fig. 5.5B).

Dissolution of aragonite may lower the Mg/Ca ratio of pore waters, and induces
early precipitation of low-Mg calcite cement (Melim et al., 1995, 2002; Munnecke et
al.,, 1997; Reuning et al., 2006). A decrease in aragonitic components (Fig. 5.7) and
precipitation of low-Mg cements on coccoliths (Fig. 5.6) is observed in lithified inter-
vals.

The driving force for aragonite dissolution and subsequent low-Mg precipitation is
the degree of undersaturation or oversaturation of the interstitial pore fluids with re-
spect to each carbonate component (Tribble, 1993; Ku et al., 1999; Morse et al., 2007).
To change the saturation state, the carbonate system needs to be (partly) closed, so
the permeability of the pore system is an important factor (Melim et al., 2002; Sand-
ers, 2003). Mineral saturation states decrease during oxic respiration of organic mat-
ter (by release of carbonic acid) and under the presence of moderate levels of sulphate
reduction (Tribble, 1993; Walter & Burton, 1990), before the levels of bicarbonate
released during this reaction are enough to lead to supersaturation of aragonite. This
relationship between organic matter degradation and carbonate diagenesis was also
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pointed out by Reuning et al. (2006) who observed a strong link between variations in
organic content, subsequent oxidation and the amount of (aragonite) dissolution and
(calcite) precipitation in deep water peri-platform sediments. James et al. (2005) also
observed aragonite dissolution in the shallow sub-surface of cold water carbonates ini-
tiated by degradation of organic matter, but no lithified intervals were reported there.

The amount of organic matter oxidation in mound sediments is related to the
amount of organic matter captured by the coral ecosystem and also to the vertical
growth of the mound (burial rate) and local redox conditions. A dense coral cover cap-
tures more organic matter (Duineveld et al., 2004; Kiriakoulakis et al., 2007; Mienis
et al., 2009b) which induces increased organic matter oxidation in the shallow sub-
surface. Higher burial rates lead to faster and increasing burial of organic matter. The
oxidation of organic matter may thus lead to dissolution of aragonitic corals at some
depth in the sediment and, depending on the mechanical and chemical openness of
the carbonate system (Melim et al., 2002; Sanders, 2003) may cause low-Mg calcite
precipitation at this depth or, in case of upward fluid migration (see below), in the
overlying sediments.

The Fe-Mn rich layers just below L-1 in cores M2003-23 and M2001-28 and L-2
in core M2003-23 (Figs 5.2 and 5.3) contain corals which are partly dissolved. Some
cementation took place in these coarse grained layers, however, less extensive than in
the lithified intervals. Melim et al. (2002) suggested that carbonate is dissolved and
recycled into the sea water in high-permeability intervals and reprecipitated in muddy,
low-permeability intervals. This would imply a lower degree of cementation in coarser-
grained mound sediments. However, if the coarse grained Fe-Mn rich layers of cores
M2003-23 and M2001-28 were already overlain by corals in a fine grained matrix,
upward fluid migration caused by pore pressure differentiation over the mound could
transport its dissolution products and cause oversaturation and subsequent lithifica-
tion of the overlying layer (Melim et al., 2002; Sanders, 2003). Due to the fine grained
nature of this interval, percolation is slow, so that a longer time span is available for
cementation. The latter situation can be considered as a semi-closed diagenetic sys-
tem. With ongoing burial and diagenesis, the dissolution of unstable carbonate com-
ponents in the already lithified matrix would create mouldic porosity in these layers
(Fig. 5.5B).

By comparing the downcore M.S.I. signal and iron concentrations it is revealed
that Fe-Mn rich layers contain high iron concentrations which are not associated with
magnetic minerals (Figs 5.2 and 5.3). This diagenetic iron enrichment could mark a
stable position of the Fe(IIl)/Fe(II)-redox transition zone (Thomson et al., 1996, 1998).
Above this zone carbonate saturation states are especially low due to the rapid oxida-
tion of organic matter under oxic conditions (Funk et al., 2003; Kasten et al., 2003).
Lower carbonate saturation states are observed followed by lithification directly above
regions of iron enrichment, this would imply prolonged stable diagenetic conditions.
However, from the available dating from core M2003-23 it is clear one or more hia-
tuses exist between the uppermost Fe-Mn rich layer and the overlying lithified inter-
val (L-1). These hiatuses could be pre-existing (before the diagenetic overprint) or this
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could imply that the uppermost Fe-Mn rich layer was formed by processes earlier than
the lithification of the overlying interval (L-1).

On the basis of the above interpretations regarding the timing of sedimentation,
dissolution, cementation and erosion, a summary scheme in Figure 5.8 describes the
sedimentary and diagenetic processes leading to the observed alterations of unlith-
ified and lithified sediments. Organic matter degradation, and the associated lower-
ing of the carbonate saturation state, is considered to be the main driving factor for
dissolution of unstable carbonates. However, if the dissolution products are entirely
recycled to the sea water (in case of an open diagenetic system) no cementation takes
place (Fig. 5.8A). Reprecipitation of dissolution products as a more stable carbonate
phase in the same layer from which they were derived leads to lithification of that layer
(Fig. 5.8B). Upward fluid migration can cause reprecipitation of the dissolution prod-
ucts in overlying layers (Fig. 5.8C). With continuing sedimentation the (still) available
unstable carbonates can still dissolve in this already lithified interval (Fig. 5.8D). Sub-
sequent erosion then exposes the lithified interval which provides a suitable colonisa-
tion substrate for corals (Fig. 5.8B through D).

5.5 Conclusions

Sedimentary characteristics, Ca/Fe and Ca/Sr ratios, as well as magnetic susceptibil-
ity of several carbonate mounds at the south-west Rockall Trough margin suggest a
regional control on sediment accumulation, rather than a local, site specific control.

Sediment accumulation rates over the last ca 11 kyr are in the same order of mag-
nitude for the studied mound locations, ranging from 10.0 to 14.5 cm kyr™. Over this
period sedimentation is continuous and is still ongoing, since the investigated mounds
contain a recent coral ecosystem on their tops. Before 11 kyr several hiatuses disturb
the sediment record.

Up to three intervals which have undergone extensive diagenesis can be distin-
guished. In these intervals pristine aragonitic coral material is absent and coccoliths
display widespread overgrowth. This calcite cementation lithifies the sediment, sig-
nified by a drop in porosity. It is the first time that such a degree of cementation is
reported from non-tropical deep water carbonates which have not been subjected to
deep burial diagenesis.

Lowering of the saturation state by organic matter oxidation induces the observed
dissolution of unstable components. Depending on the openness of the carbonate sys-
tem this dissolution leads to precipitation of stable carbonate mineral phases within
the same interval (Melim et al., 2002; Sanders, 2003; Reuning et al., 2006) or, in case
of upward fluid flow, induces precipitation in the overlying interval.

After lithification of the uppermost lithified interval, submarine erosion (partly)
removed its top, thus forming a sharp irregular boundary with the overlying coral-
dominated interval. This exposed hard substrate was subsequently used as a settling
ground for mound recolonisation by corals and for further continuous sedimentation
during the last ca 11 kyr. Figure 5.8 summarizes the sedimentary and diagenetic pro-
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cesses leading to the observed alternation of unlithified coral-dominated and lithified
intervals in carbonate mound sediments.
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Figure 5.8. Simplified scenarios for formation of lithified intervals and associated hiatuses. (A) Model
with near surface coral dissolution (open-system). Organic matter (OM) degradation causes coral dis-
solution. Dissolution products are then lost to the seawater. The amount of coral observed in the core
directly reflects the primary amount of coral material minus dissolution by OM degradation. These
processes will not lead to lithification of the carbonate sediments. (B) Closed-system model where OM
degradation takes place deeper in the sediment and the dissolution products are immediately precipi-
tated in the same layer, causing lithification of this layer. Post-lithification erosional processes cause
irregular upper boundary of the lithified interval.
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Chapter 6

Paleo-redox fronts and their formation in
carbonate mound sediments from the Rockall
Trough

Abstract

Piston cores from the summits of coral topped carbonate mounds at the south west
Rockall Trough margin reveal that the sediments have undergone significant post-
depositional modifications affecting the original geochemical signature and mineral-
ogical composition of the sediments. This diagenetic imprint provides information
about the geochemical processes within cold-water coral mounds. The most prominent
result of diagenetic alteration of the primary sediment composition is the absence or
poor preservation of aragonitic coral skeletons in certain depth intervals associated
with lithification.

This study focuses on the enrichment of redox-sensitive elements and the dissolu-
tion of primary magnetic ferric iron minerals in the depth interval below lithification
levels. By combining the magnetic susceptibility with the XRF signal of Fe and Ti spe-
cifically, intervals with susceptibility variations related to the conversion of strongly
magnetic into weakly magnetic iron species can be defined.

In all three studied cores a succession is recognised with a lithified interval with ara-
gonite dissolution and low-Mg calcite precipitates that is underlain by an interval of
magnetite dissolution and of iron and manganese enrichment. For the most recent
lithified interval it is demonstrated that initial lithification occurred before an ero-
sional regime was in place, most likely near the end of interglacial or at the start of
glacial periods.

This chapter is based on: Van der Land, C., Mienis, F., de Haas, H., de Stigter, H.C. Swennen,
R. Reijmer, J.J.G. and Van Weering, T.C.E. (2011) Paleo-redox fronts and their formation in
carbonate mound sediments from the Rockall Trough. Marine Geology 284, 86-95
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6.1 Introduction

Carbonate mounds composed of cold-water coral fragments embedded in a matrix of
hemipelagic sediments are a prominent feature along the northeast Atlantic continen-
tal margins of Norway, Scotland and Ireland (Freiwald and Roberts, 2005; Roberts et
al., 2006). The coral community is dominated by the branching corals Lophelia pertusa
and Madrepora oculata which build an aragonite skeleton. Living and dead coral frame-
works play a key role in mound formation and build-up by creating a local lower en-
ergy environment which enhances sedimentation of settling material like coccoliths,
foraminifera and mound derived material (De Haas et al., 2009; Dorschel et al., 2007;
Mienis et al., 2009a). Mounds can achieve heights of several hundreds of meters and
measure several kilometres in diameter at their base (De Mol et al., 2002; Huvenne et
al., 2003; Kenyon et al., 2003; Van Weering et al., 2003b).

Several models have been proposed to explain the response of carbonate mounds
to variations in climate and the assoctiated changes in ocean circulation and water
mass conditions. All models indicate reduced or absent coral growth during glacial
periods resulting in reduced mound accumulation rates. (De Haas et al., 2009; Eisele
et al., 2008; Kano et al., 2007; Mienis et al., 2009b; Riggeberg et al., 2007)

The reconstruction of paleo-environmental and paleo-oceanographic conditions
from the sedimentary archive of carbonate mounds is hampered by post-depositional
processes which modify the sediment composition (Dorschel, 2005; Foubert and Hen-
riet, 2009; Frank et al., 2009; Mienis et al., 2009b; Mienis et al., 2006; Riiggeberg et
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al., 2007; Van der Land et al., 2010). The most prominent result of diagenetic altera-
tion of the primary composition of carbonate mound sediments is the absence or poor
preservation of aragonitic coral skeletons in certain depth intervals (Foubert and Hen-
riet, 2009; Frank et al., 2010; Pirlet et al., 2010), sometimes associated with lithifica-
tion of these intervals (Van der Land et al., 2010). The above studies have suggested
a link between microbially-mediated organic matter degradation, sediment composi-
tion and coral skeleton preservation, while Wehrmann et al. (2009) addressed the role
of reactive iron in preventing carbonate dissolution in mound sediments.

In this study we focus on the solid-phase enrichment and role of redox-sensitive
elements and the dissolution of primary magnetic ferric iron minerals such as magne-
tite, maghemite and hematite (Froelich et al., 1979; Funk et al., 2003a) in the depth
interval below the level of lithification (Fig. 6.1). It was demonstrated for pelagic sedi-
ments that such modifications require a stable diagenetic front for a prolonged period
of time (Funk et al., 2003a; Thomson et al., 1996; Thomson et al., 1998). Recognising
and quantifying the intensity of these modifications in downcore sections thus will
provide a better insight into changing diagenetic conditions in the mound sediments.

In this chapter we apply and use data derived from carbonate mounds on the SW
Rockall Trough margin (SW RT), occurring between 600 and 1000 m water depth
(Akhmetzhanov et al., 2003; Kenyon et al., 2003; Mienis et al., 2006; Van Weering et
al., 2003a). The aim of this study is to characterise paleo-redox boundaries in carbon-
ate mound sediments and to link these periods of prolonged diagenetic modifications
in the sediment to paleo-oceanographic conditions.

6.2 Regional Setting

The summits of the carbonate mounds at the SW RT are confined to a narrow depth
range (600-700m) (Mienis et al., 2006) (Fig. 6.2) and are embedded in the Eastern
North Atlantic Water (ENAW) (Holliday et al., 2000; New and Smythe-Wright, 2001;
van Aken and Becker, 1996). Mounds at the SW RT form elongated clusters of several
kilometres long, are up to 380m high and in general occur orientated perpendicular
or slightly oblique to the regional depth contours. Downslope of the mounds slope-
parallel features and slide escarpmvents are found (Unnithan et al., 2001) and upslope
a sediment wave field exists, which resulted from the redistribution of sediments by
strong bottom currents (Mienis et al., 2006).

The SW RT margin is cut off from input of nearby continental sediment sources
by the Rockall Trough which deepens towards the south. However, a minor amount of
sediment derived from reworking of shallower parts of Rockall Bank may contribute
to local sedimentation. An anticyclonic circulation around the Rockall Bank results
in an equator-ward current along the SW RT margin (White et al., 2005). Transport
by tidal currents associated with internal waves provides a sufficient supply of fresh
food particles to the cold-water corals (Duineveld et al., 2007). High near-bed current
velocities prevent burial of the coral framework by sediments (De Haas et al., 2009;
Mienis et al., 2007), whereas the living and dead coral framework create a local lower
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Figure 6.2 (A) Overview of the Rockall Trough region west of Ireland (contour interval 500 m), HRB
= Hatton-Rockall Basin, PAP = Porcupine Abyssal Plain, star indicates area of interest. (B) Multibeam
map of part of the carbonate mound area at the SW RT margin. View to the north, 2x vertical exag-
geration. M2001 and M2003 are stations of cruises 64PE182 or 64PE251 respectively. Multibeam
image courtesy of Gerard Duineveld (NIOZ) (Cruise 64PE249)

energy environment which enhances sedimentation of settling material (De Haas et
al., 2009; Dorschel et al., 2007; Mienis et al., 2009a). Particles settling between the
coral framework on mounds on the SWRT are either derived from the surface ocean
and or come from the reef system itself (De Haas et al., 2009; Mienis et al., 2009b).

6.3 Material and methods

6.3.1 Sediment cores

Piston cores along the SW RT margin were acquired from mound summits with a thriv-
ing living coral community (Fig. 6.2). Cores M2001-28 (55°32.9'N, 15°39.8'W) and
M2001-43 (55°32.7'N, 15°40.6'W) were recovered during RV Pelagia cruise 64PE182
from 671 m and 634 m water depth respectively (De Stigter and De Haas, 2001). They
originate from two elongated mound clusters oriented with their longest axis perpen-
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dicular to the slope of the Rockall Bank. Core M2003-23 (55°30.2'N, 15°47.1’'W) was
recovered from an elongated slope-parallel mound cluster at 673 m water depth dur-
ing cruise 64PE215 (De Haas and Mienis, 2003). Due to the high coral content, cores
were cut with a diamond saw while frozen to keep the coral structure intact.

6.3.2. Aragonite and carbonate content

The aragonite content of core M2003-23 was determined by XRD measurements at 10
cm intervals of large bulk sediment samples (>20 cm?®) including large coral fragments.
For cores M2001-28 and M2001-43 a combination of XRD measurements of matrix
sediments with digital image analyses was applied on a 10 cm resolution.

Samples for XRD measurements were dried, grounded and Corrundum (a-AlO,)
was added as an internal standard with a 1:5 standard-to-sample ratio. After ho-
mogenisation with acetone the randomly oriented powder slides were analysed with
a Philips SIETRONICS XRD SCAN with a Co-Anode (ACoKa = 1.79026) with 40KV
covering a range of 20-28° 2c, thus including the most important carbonate peaks.
Diffractograms were analysed with the Macdiff 4.x freeware (Petschick, 2001). A cali-
bration curve based on standards with known aragonite and calcite proportions was
used to calculate the quantitative proportions of aragonite and calcite from peak area
ratios (Milliman, 1974).

The XRD measurements of matrix sediments do not account for the aragonite pres-
ent in large coral fragments. The macroscopic coral quantity (fragments approximately
>1 mm in diameter) of cores M2001-28 and M2001-43 was determined by processing
and analysis of previously obtained CT-scan images (Van der Land et al., 2010) follow-
ing Dorschel et al. (2007) and Titschack et al. (2009). These CT-scan images were also
used to count the number of non-carbonate components with a diameter above five
and 10 millimetres.

Based on the assumption that the obtained surface percentage of corals in CT-scan
images is directly proportional to the volume of corals, the weight percentage of corals
can be expressed as:

Coral = (pcoral XCDIA) / ((p X CDIA) + (pmatrix x (100 - CDIA)))

coral
Coral = Coral content in [wt%]

C,, = Coral content from CT-scan digital image analysis, in [surf.%], directly propor-
tional to volume percentage of corals.

P, = Coral density: 2.66 [g/cm3], from pycnometer analyses on discrete coral sam-
ples (Dorschel et al., 2007)

P = Matrix sediment density in [g/cm3], determined by taking fixed volumes of
water-saturated sediment (Van der Land et al., 2010)

Based on the assumption that the corals are aragonitic, the total aragonite content of

the sediments can be expressed as:
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Figure 6.3 Calcium car-
bonate content versus
XRF Ca counts for core

M2003-23
Ar = Coral + ((100-Coral)/100) x Armatrix)
Ar__ = Aragonite content of the matrix sediment evaluated with XRD, in [wt%].
Ar__ = Total aragonite content of the sample, in [wt%)]

For core M2003-23 total carbon, organic carbon and CaCO, content from the size
fraction <63pm was determined at 10 cm intervals with a Thermo Elemental Analyser
Flash EA 1112. The total CaCO, content of the bulk sediment was then obtained by
adding the weights of the CaCO, material for all the analysed sieve fractions divided
by the total sample weight (Mienis et al., 2009b). These discrete samples obtained
at low resolution from core M2003-23 were used to calibrate high resolution X-ray
fluorescence (XRF) records (see section 3.4 for details on XRF acquisition). The car-
bonate content in weight percentage of total sample weight (CaCO,%) was converted
to a log ratio between carbonate and non-carbonate components (log(CaCO,%/non-
CaC0O,%)) and compared with the log(Ca/Ti) ratio at the same depth (Fig. 6.3). Subse-
quently this correlation was used to convert high resolution log(Ca/Ti) records to high
resolution CaCO,% records. This calibration assumes that variations in the amount of
non-carbonate material in the mound sediments are proportionally related to varia-
tions in XRF intensities of titanium.

A total of 30 thin and thick sections were prepared from lithified sediments in the
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cores, see Van der Land et al. (2010) for a detailed description of the method. For this
chapter these specimen were stained with a Feigl solution to differentiate between the
calcite and aragonite minerals present in the lithified sediments (Warne, 1962).

6.3.3 Magnetic susceptibility

The magnetic susceptibility k was determined at each centimetre on the surface of
the split cores with the GEOTEK Multi Sensor Core Logger (MSCL) employing a Bar-
rington spot sensor (MS2E). The parameter k reflects the presence of iron mineral
concentrations, with emphasis on ferromagnetic species. Intensity values are reported
in dimensionless units. Due to the weakly negative diamagnetic background suscepti-
bility of certain minerals in the matrix (e.g. calcite) the magnetic susceptibility is not
directly proportional to the ferri- or paramagnetic mineral content (Thompson and
Oldfield, 1986). However, no negative values were reported, so the value of K can be
used as denominator in ratios.

6.3.4 X-ray fluorescence core scanning

Down core element intensities of calcium (Ca), titanium (Ti), manganese (Mn) and
iron (Fe) were determined with the CORTEX X-ray fluorescence (XRF) core scanner
(Jansen et al., 1998; Richter et al., 2006) with a sample spacing of 1 cm, a counting
time of 30 s and with a generator setting of 10 kV. The NIOZ core scanner has recently
been equipped with a silicon drift detector (Alberti et al., 2007) which significantly
improves the signal-to-noise ratio for certain elements (e.g. Ti, Mn).

In this study the relative enrichments or depletions of Mn and Fe are of inter-
est. To detect relocations of these redox-sensitive elements their intensities in counts
per second were normalised to the diagenetic conservative element Ti (Tribovillard
et al., 2006 and references therein; Wedepohl, 1971). If the source material did not
change over the timescales studied, we can assume that both terrigenous elements are
deposited at a constant ratio relative to Ti. The average Mn/Ti and Fe/Ti ratios were
obtained for each core from the pristine Holocene deposits, from 20 cm core depth to
30 cm above the base of the Holocene. The entire record was then normalised to this
ratio to emphasise those sections diverging from this ratio due to diagenesis,

6.3.5 Combined magnetic susceptibility and X-ray fluorescence scanning

The parameter magnetic susceptibility «k reflects the presence of iron mineral concen-
trations, with emphasis on ferromagnetic species. Reductive dissolution of iron during
diagenesis is mineral selective and leads to gradual dissolution of magnetic primary
ferric iron minerals such as magnetite, maghemite and hematite. The resulting ferrous
iron generally precipitates as paramagnetic Fe3+ oxihydroxides, but can also form bio-
genic magnetite (Smirnov and Tarduno, 2000). Variations in magnetic susceptibility
could therefore be indicative of variations in the primary input of ferromagnetic mate-
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rial or enhanced diagenetic effects. Core scanning by XRF is largely unbiased by min-
eralogy and does not follow susceptibility variations due to alterations of conversion
of strongly magnetic into weakly magnetic iron species. By combining the magnetic
susceptibility with the XRF signal of Fe, specifically those intervals can be highlight-
ed where such conversions due to iron reduction occur (Funk et al., 2003a). Positive
shifts in the magnetic susceptibility signal due to biogenic magnetite precipitation are
emphasised by normalising the k values to the stable element Ti.

No Fe/k or «/Ti ratios could be obtained for the upper- and lowermost piston core
section of core M2001-28 and lowermost piston core section M2001-43 due to their
short section lengths (15, 9 and 10 cm respectively).

The absolute values of the above defined ratios depend on the local magnetic min-
eral source characteristics and sediment composition. For each site and ratio a base-
line level was obtained from the least diagenetically altered section of the core (see
section 3.4). These baseline levels were then used to normalise the entire record (Funk
et al., 2003a). Positive deviations from unity quantify the grade of magnetic mineral
dissolution (Fe/k) and authigenesis (k/Ti).

6.4 Results
6.4.1 Sediment characteristics and stratigraphy

Piston cores obtained from the summits of coral topped carbonate mounds at the
SW RT margin contain two major types of facies defined by detailed sedimentologi-
cal investigations (Mienis et al., 2009b; Van der Land et al., 2010). Cores M2003-23,
M2001-28 and M2001-43 display alternating unlithified coral-dominated intervals
(C-1 to C-3 in Figs. 6.4 and 6.5) and lithified intervals (L-1 to L-3 in Figs. 6.4 and 6.5).
This is best illustrated in core M2003-23 where the amount of corals in the sediments
mirrors the amount of lithified sediments in three distinct cycles (Fig. 6.4B and C).
The C-1 to C-3 facies consists of unlithified sediments in which up to 40% of the
sediment weight consists of fragments of the coral species L. pertusa and M. oculata.
The micritic fraction consists mainly of coccoliths and comprises approximately 30%
of the sediment. The remaining matrix sediments (10% of total sediment weight) are
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Figure 6.4 Stratigraphic and geochemical profiles of core M2003-23. (A) Stratigraphy (see legend)
with U/Th ages, * indicates 14C dating in cal kyr BP. (B) Weight percentage corals in the > 150 pm
fraction. (C) Weight percentage in the > 150 um fraction of lithified sediments. (D) Aragonite weight
percentage of carbonate fraction. (E) CaCO3 content in weight percentage of total. (F) Amount of
non-carbonate lithoclasts with a diameter over 5 mm (light grey graph, lower scale) or over 10 mm
(dark grey graph, upper scale). (G) Magnetic susceptibility signtal in x105 dimensionless SI units. (H)
Normalised ratio of iron and magnetic susceptibility (k). (I) Normalised ratio of magnetic susceptibil-
ity and titanium. (J) Normalised ratio of iron and titanium. (K) Normalised ratio of manganese and
titanium. Figures E to K display a 5-point moving average.
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largely composed of planktonic and benthic foraminifera, ostracods, brachiopods, bi-
valves, gastropods and echinoids in variable amounts with a minor contribution of
sponges (only in C-1) and some non-carbonate lithoclasts. Sediments of this facies
found directly below a lithified interval (top of C-2 in cores M2003-23 and M2001-28
and top of C-3 in core M2003-23) have an iron or manganese staining (grey shading;
Figs. 6.4 and 6.5). These sediments are relatively enriched in coarse bioclasts and con-
tain a lower amount of fine-grained matrix sediments compared to other sediments of
this facies.

Facies L-1 to L-3 are made up of lithified sediments which appear as (broken) ag-
gregates in the piston cores (Fig. 6.4A). Sediments are cemented by low-Mg calcite
precipitates on low-Mg calcite coccoliths. The composition of these sediments is com-
parable to that of the unlithified sediments, but skeletons of aragonitic cold-water
corals and other species are conspicuously absent. Microscopic studies and staining of
aragonite minerals (Warne, 1962) revealed the presence of partly dissolved coral frag-
ments and coral-shaped moulds in the sediments of facies L1-3 (Van der Land et al.,
2010). The lithified matrix does not contain aragonite minerals.

Shifts from unlithified to lithified intervals and vice versa can be gradual or sharp
(indicated by bar next to stratigraphic column, Figs. 6.4A and 6.5A). The upper bound-
ary of C-2 towards the overlying interval L-1 is gradual in cores M2003-23 and M2001-
28, the amount of lithified aggregates gradually increases towards the top. The bound-
ary between a lithified interval and an overlying unlithified interval is mostly sharp.
Petrographic and X-ray observations of the upper contact of interval L-1 revealed that
erosion took place after lithification of interval L-1 (Van der Land et al., 2010).

Dating of the deep-sea corals yielded 230Th/U ages ranging from 51 to 11000 years
for interval C-1 at all three mound locations (Van der Land et al., 2010). Young ages
of near surface samples and 210Pb measurements in boxcores taken from within the
coral framework indicate ongoing sedimentation here (De Haas et al., 2009). Based
on these observations and high-resolution dating records from nearby cores (Frank et
al., submitted; Frank et al., 2009), sedimentation appears continuous over the last ca
11 kyr. Corals from older sediments below interval L-1, suitable for dating, have only
been recovered from core M2003-23. Coral ages range from 43,5 kyr at the top of in-
terval C-2 (169 cm core depth), to 246 kyr at the base of C-2 (227 cm core depth) and
to 363 kyr at the top of C-3 (318 cm core depth) (Figs. 6.4 and 6.5).

Opposite page:

Figure 6.5 Stratigraphic and geochemical profiles of cores M2001-28 and M2001-43. (A) Stratigra-
phy (See Fig. 6.3 for legend) with U/Th ages. (B) Aragonite weight percentage of carbonate fraction.
(C) CaCO3 content in weight percentage of total. (D) Amount of non-carbonate lithoclasts with a
diameter over 5 mm (light grey graph, lower scale) or over 10 mm (dark grey graph, upper scale).
(E) Magnetic susceptibility signal in x105 dimensionless SI units. (F) Normalised ratio of iron and
magnetic susceptibility (k). (G) Normalised ratio of magnetic susceptibility and titanium. (H) Nor-
malised ratio of iron and titanium. (I) Normalised ratio of manganese and titanium. Figures C and E
to I display a 5-point moving average.
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Figure 6.6 (A) Vertical and horizontal
cross-sections through a 3-D composite
CT-scan picture of the base of inter-
val C-2 in core M2003-23. Outlines of
non-carbonate lithoclasts annoted by
dashed red lines. (B) Altered coral frag-
ment (outline annotated by dashed blue
line) in a lithified matrix. Sephta large-
ly dissolved, areas of dissolution of exo-
skeleton annotated by dashed red line.
Core M2003-23 187 cm core depth.
(C) Partly dissolved aragonite corals in
a lithified matrix. Aragonite is stained
black below black dashed line and an-
notated by blue dashed line when not
stained. Areas of dissolution of exo-
skeleton annotated by dashed red line.
Core M2001-28 163 cm core depth.

6.4.1 Geochemical and geophysical properties

Core M2003-23

The coral content of core M2003-23 (Fig. 6.4B) displays a strong correlation with the
aragonite content of the sediments (Fig. 6.4D). Up to three intervals with higher coral
and aragonite quantities (C-1 to C-3) and three lithified intervals (L-1 to L-3) with
low values are distinguished. Lithified intervals generally contain up to 7% aragonite,
with higher concentrations towards the top of L-2; with the exception of one sample
in L-2, which contains 45% aragonite. Coral-dominated intervals contain between 30
and 85% aragonite in core M2003-23, except for one sample at 187 cm in C-2, which
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correlates with some minor lithification within this interval. The carbonate weight
percentages within core M2003-23 diminishes to lower values at the transition from
a coral-dominated interval to the overlying lithified interval. Lowest percentages are
found in the mid-section of interval C-1; highest percentages are found for interval
C-2 and at the top of C-3, both correlating with a higher percentage of corals in the
sediment.

The presence of non-carbonate lithic grains (lithoclasts) with a diameter larger
than 5 or 10 mm (Fig. 6.4F), recognised on CT-scan images (Fig. 6.6A), often coincides
with peaks in magnetic susceptibility (Fig. 6.4G). The first few centimetres at the base
of coral-dominated intervals contain a relative high amount of these grains, although
for the transition from interval L-1 to C-2, an increase can already be observed in the
top of L-1. Two other peaks, each associated with higher magnetic susceptibility val-
ues are observed, one at the transition from C-3 to L-3 and one within interval C-2.

Two zones of increased Fe/«x ratios occur (Fig. 6.3H) in core M2003-23, both just
below a lithified interval (grey shading Fig. 6.4). The depth ranges of these enrich-
ments correspond to the presence of the sediments with Fe- and Mn oxide/hydroxide
coating. The zones of increased Fe/x ratios display lower k/Ti ratios (Fig. 6.3I). In-
creased K/Ti ratios are observed in the lower parts of intervals L-1 and L-2. Relative
iron and manganese enrichments (Fig. 6.3J and K) as inferred from higher Fe/Ti and
Mn/Ti ratios are found in the zones with lower «/Ti ratios. In intervals C-2, the largest
manganese enrichment occurs above the largest iron enrichment, while an opposite
relation was found in interval C-3.

Core M2001-28

The aragonite weight percentage in coral-dominated intervals in core M2001-28 var-
ies between 26 and 87% (Fig. 6.5B upper part). Highest values are observed at the
top of interval C-2. On average, interval C-1 of core M2001-28 contains 46% arago-
nite, slightly less than the 52% in interval C-1 of core M2003-23. The average arago-
nite content of lithified intervals L-1 and L-2 is 15%. The carbonate content for core
M2001-28 is highest in interval L-1; lowest values are found at the base of interval
C-1 (Fig. 6.50).

The increased amount of non-carbonate lithic grains between 135 and 170 cm core
depth correlates with the largest peak in magnetic susceptibility (Fig. 6.5D and E).
Deeper down core, lithoclast-rich layers do not co-occur with peaks in the magnetic
susceptibility signal. At the transition between L-1 and the C-1 interval, an increase in
the amount of lithoclasts already starts in the top of L-1.

Increased Fe/x ratios are observed below interval L-1, at the top of interval C-2
(grey shading Fig. 6.5). The ratio of «/Ti displays a wider range compared to core
M?2003-23. Three zones with a low k/Ti ratio occur, from top to bottom, one around
the transition between interval L-1 and C-1 and two in the lower half of interval C-2.
Relatively high «/Ti ratios are observed in the lower half of interval C-1. Iron displays
a zone of minor enrichment relative to titanium, which coincides with the zone of
higher Fe/x ratios.
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Core M2001-43

The aragonite content of core M2001-43 is below the detection limit (<2 wt%) for in-
terval L-1 (Fig. 6.5B lower part). In interval C-1, the aragonite content ranges between
29 and 80% with an average value of 57%, higher than interval C-1 in cores M2003-
23 and M2001-28. The carbonate content does not display any significant shifts and
ranges from 85 to 93% (Fig. 6.5C).

The lithoclast-rich layer at the base of interval C-1 correlates with higher mag-
netic susceptibility intensities (Fig. 6.5D and E). In contrast with cores M2003-23 and
M2001-28, large lithoclasts are confined to the base of interval C-1 and none were ob-
served in interval L-1. For interval C-1 the magnetic susceptibility intensities decrease
towards the top in accordance with cores M2003-23 and M2001-28.

In core M2001-43 no sediments with an iron or manganese oxide/hydroxide stain-
ing were recovered. Consequently, the associated geochemical proxies display no sig-
nificant enrichments or depletions. Interval L-1 displays an elevated Fe/k ratio com-
pared to the base of the overlying interval C-1, but these values are in the same range
as those for the upper part of interval C-1. A similar pattern is observed in the Mn/Ti
ratio, showing elevated values at the top of interval C-1 and in interval L-1. The «/Ti,
Fe/Ti ratios do not display extended zones of enrichment or depletion.

6.5 Discussion

After deposition, marine sediments are subject to a variety of geochemical and mi-
crobiological processes modifying the original input signal. Early diagenetic processes
affect the preservation of primary signals and their precise understanding is thus im-
portant for the interpretation of proxies measured within the sediments Degrada-
tion of organic matter by different terminal electron acceptors at (sub)oxic, sulfidic
or methanic levels leads to the establishment of a typical redox zonation determined
by the overall energy yield of the different reactions (Berner, 1981; Froelich et al.,
1979). This classic sequence of redox zones in marine sediments, which sediments
pass through during burial, including a schematised pore water profile and their im-
pact on the primary sediment composition is shown in Figure 6.7. In piston cores
from the summits of coral topped carbonate mounds at the SW RT margin, a sequence
of lithofacies and associated geochemical characteristics can be distinguished. A zone
of relative iron and manganese oxide/hydroxide enrichment in a coral-dominated in-
terval is overlain by a lithified interval and on top of this a coral-dominated interval
is observed. The transition from the zone of Fe and Mn enrichment into the lithified
layer is gradual, the boundary between the lithified interval and the overlying coral-
dominated interval however, is sharp and the transition to the overlying Fe and Mn
enrichment is again gradual. Furthermore, the zone of iron and manganese enrich-
ments displays low «/Ti and high Fe/x ratios. Following Funk et al. (2003a, b) this
variance is interpreted to result from dissolution of magnetic minerals.

The above described sequence is observed three times (the lowermost Fe-Mn en-
richment was not recovered) in core M2003-23, almost twice in core M2001-28 while
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Figure 6.7 Schematic representation of redox zonation and the resulting diagenetic alteration of ma-
rine sediments in general (redrawn after Kasten et al. (2003)) and its expression in carbonate mound
sediments. An idealised pore-water profile is given to emphasise at which depth diagenesis related sec-
ondary signals are expected. Diagenetic alterations of recent carbonate mound sediments at the SW
Rockall Trough margin mainly take place in the oxic and post-oxic diagenetic environments. *Carbon-
ate precipitation in the form of low-Mg calcite, only in specific circumstances, see text for discussion.

in core M2001-43 even the most recent sequence is incomplete as no observations
below the lithified interval could be made while the core did not penetrate this level.
The transition of the most recent lithified interval (L-1) into the overlying coral-domi-
nated interval (C-1) is recorded in all cores. Interval L-1 has an erosive upper boundary
and is overlain by a layer rich in coarse lithoclasts (base of C-1), interpreted to be a lag
deposit. Coral ages at the base of C-1 are around 11.000 years for all cores. The above
described observations reveal that the sediments have undergone differential diagen-
esis, in other words, post-depositional processes have not been constant over time and
have affected certain sediment intervals in a different way.

Based on the occurrence of pristine coral fragments and the equal distribution of
redox sensitive elements, sediments from interval C-1, which are of Holocene age are
inferred to be the least altered. These sediments (an aragonitic coral skeletal frame-
work in an unlithified fine-grained matrix) form the precursor sediment for further
subsequent diagenesis in all cores. With ongoing sedimentation at the surface, the
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average sedimentation rates for the last ~11.000 years are 10, 14.5 and 14.2 cm per
1000 year for cores M2003-23, M2001-28 and M2001-43 respectively. Such sedimen-
tation rates are characteristic for a healthy, densely populated coral reef (Frank et al.,
2009). Despite their reduced thickness, intervals C-2 and C-3 are also interpreted to
represent a healthy coral reef system based on their composition.

Compared to the unlithified coral-dominated sediments from intervals C-1 to 3,
intervals L-1 to 3 have undergone significant post-depositional alterations; the most
prominent alteration is the absence of pristine corals and the lithification of the inter-
vals. The presence of imprints of aragonitic components and moulds indicates these
were initially present in the sediment (Fig. 6.6B, C). Van der Land et al. (2010) suggest-
ed that during burial, the sediments became undersaturated with respect to aragonite,
which led to (partial) dissolution of the aragonitic components. A comparable pro-
cess was described for sediments from Challenger mound (Frank et al., 2010), tropical
shallow-water platform sediments from the Neogene of the Bahamas (Melim et al.,
1995; Melim et al., 2002), Late Miocene to Holocene tropical peri-platform carbonates
(Reuning et al., 2006) and Silurian limestones (Cherns and Wright, 2000). Dissolution
of aragonite may lower the Mg/Ca ratio of pore waters, and induce early precipitation
of low-Mg calcite cement (Melim et al., 1995; Melim et al., 2002; Munnecke et al.,
1997; Reuning et al., 2006). Sediments in interval L-1 to 3 are indeed cemented by
low-Mg calcite precipitation on low-Mg calcite coccoliths.

Sediments from coral-dominated intervals directly underlying a lithified interval
are depleted in magnetite concentrations as shown by an increased Fe/k ratio (grey
shading, Figs. 6.4 and 6.5). As the degree of demagnetization has been suggested as
proportional to the amount of mineralized organic matter (Froelich et al., 1979; Funk
et al., 2003a; Funk et al., 2003b), this could indicate that these sediments originally
contained a higher amount of organic material related to initial input. Another factor
might be the prolonged duration of suboxic conditions for these sediments leading
to variations in organic material mineralization. Furthermore, the Fe/Ti and Mn/Ti
ratios indicate diagenetic iron and manganese enrichment in the sediment directly
below a lithified interval. This diagenetic iron enrichment, could mark a stable posi-
tion of the Fe(III)/Fe(Il)-redox transition zone (Thomson et al., 1996; Thomson et al.,
1998). Above this zone of iron and manganese enrichment rapid oxidation of organic
matter under oxic conditions occurs (Funk et al., 2003a; Kasten et al., 2003) (Fig. 6.7),
which in the carbonate mound sediments leads to the dissolution of aragonite in the
interval and ultimately the lithification of the interval just above these enrichments
(Fig. 6.7, right panel).

The observed diagenetic sequence of a lithified interval directly underlain by Fe-
Mn enriched and magnetite depleted sediments is interpreted to represent a paleo-re-
dox front. The preservation of a paleo-redox front implies a significant adjustment of
at least one of the depositional or geochemical parameters that influence the balance
of the sediment/pore water system. Otherwise due to the continuous shift of redox
zones a redox imprint cannot develop.

Typical depositional and geochemical processes or events, which can initiate the
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establishment of a redox imprint, comprise (1) mass transfer events of sediments in
the form of turbidites, debris flows or submarine landslides (Robinson and Sahota,
2000; Thomson et al., 1998) causing rapid burial of underlying layers and consequent-
ly a change in redox conditions, (2) variations in the upward-directed diffusive flux
of methane or other reduced components from greater sediment depth (Adler et al.,
2000; Kasten et al., 1998), (3) fluctuations in the advective flow of pore water and flu-
ids from deeper sources or across the sediment/water interface, and finally (4) changes
in organic carbon burial induced by variations in sedimentation rate, organic carbon
input to the sediment and/or oxygen content of near bottom water (De Lange et al.,
1994; Finney et al., 1988; Kasten et al., 2001; Passier et al., 1996).

No indications for mass transfer event deposits have been found in the carbonate
mound sediments. A significant flux of methane through the sediment would have
resulted in the formation of pyrite and the associated carbonate concretions would
display a negative 8"C signature (Raiswell, 1988). However, the lithified carbonates of
Rockall Bank do not display strong negative 6*°C values (Van der Land, unpub. data),
nor was any pyrite detected in the cores. Some flow of pore water fluids, however, is
needed to transport the dissolution products towards their precipitation site in lith-
ified layers, but this is not related to deeper fluid sources (Van der Land et al., 2010).
Variations in sedimentation rate, organic carbon input to the sediment and oxygen
content of near bottom water are therefore the most likely depositional and geochemi-
cal parameters to influence diagenesis in carbonate mound sediments. A lower sedi-
mentation rate, a decrease in organic carbon burial rate or a surplus in the supply of
oxidants over time would consequently result in an extension of redox zones.

For coral covered carbonate mounds these requirements for the preservation of
paleo-redox fronts are mainly controlled by the absence or presence of a dense coral
cover. Sedimentation rates or carbonate accumulation rates are directly linked to the
density of the coral cover as demonstrated for the Holocene in the Rockall Trough
and the Porcupine margin (Frank et al., 2009). In an environment with strong bottom
currents, the coral framework will enhance the deposition of sediment by creating
local relatively low energy micro-environments, allowing the accumulation of mate-
rial, settling from the water column between the coral branches (De Haas et al., 2009;
Dorschel et al., 2007; Mienis et al., 2009a). Without the presence of corals, sediment
accumulation is much lower and, depending on the bottom current velocities, erosion
might occur. In the sand-sized carbonate rich sediments, like those of the Rockall Bank
margin (De Haas et al., 2009; Frank et al., 2009; Mienis et al., 2009b; Van der Land et
al., 2010), bioturbation by coral-associated fauna may lead to an increase in organic
carbon burial as observed in the nearby Darwin mounds (Kiriakoulakis et al., 2004).
At the SW RT margin, the presence of a coral framework at the surface stimulates
an increase in organic carbon burial. In addition, the low energy microenvironment
created by the coral surface framework leads to a lower near bottom current velocity
which prevents oxygen-rich bottom water to penetrate deeply into the subsurface. By
contrast, the absence of a coral cover might lead to higher near bottom current speeds
and therefore a deeper penetration depth of oxygen-rich waters, thereby increasing
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the organic carbon oxidation and the associated extension of redox zones. In sum-
mary, the formation and preservation of paleo-redox fronts in carbonate mound sedi-
ments of the SW RT margin is favoured by the absence of a coral cover at the mound
surface

The most recent lithified interval (L-1) was recovered in all cores. The base of the
overlying interval C-1 yields similar ages of around 11000 years, this raises the ques-
tion whether the most recent lithification occurred during a similar time slice over the
study area. Measured ages of corals in this study and other studies from the Irish mar-
gin indicate the absence of corals during the last glacial maximum (LGM) and prior
glacial periods (Dorschel, 2005; Frank et al., submitted; Frank et al., 2009; Mienis et
al., 2009b; Riiggeberg et al., 2007; Schréder-Ritzrau et al., 2003). Reduced bottom cur-
rents due to an unstratified water column (Manighetti and McCave, 1995; Thornalley
et al., 2010) and related input of fine sediment resulted in unfavourable conditions for
corals during glacial periods. Since the lithified intervals originally contained corals,
their initial deposition was probably during an interglacial. However, their lithifica-
tion is associated with the formation and preservation of a redox front which, as dis-
cussed above, occurs during times without a coral cover present, hence during glacial
periods.

Although the local hydrodynamic regime around the SW RT margin mounds dur-
ing glacial periods is unknown, the absence of a coral cover probably also resulted
in erosion of the exposed underlying sediments by bottom currents (Mienis et al.,
2009b). However, the erosive upper boundary of L-1 (Figs. 6.4 and 6.5) in the cores
(Van der Land et al.,, 2010) suggests that this erosive regime post-dates lithification.
This indicates that the lithification process is a process that commences immediately
after sediment deposition and within a relative short period leads to lithification of
the sediments deposited.

6.6 Conclusions

Pre-Holocene carbonate mound sediments at the SWRT margin display significant
post-depositional modifications of the original geochemical signature and composi-
tion of the sediments. A sequence of a depth interval of magnetite dissolution and of
iron and manganese enrichment overlain by a lithified interval with aragonite dissolu-
tion and low-Mg calcite precipitation is recognised in all studied cores. Such modifi-
cations require the presence of persistent diagenetic conditions, caused by a drop in
sedimentation rate, probably related to the absence of a coral cover.

Furthermore, the lithification associated with the formation of these redox fronts
pre-dates erosional processes, which indicates that the lithification process must be a
process that commences immediately after sediment deposition.

Acknowledgements

The officers and crew of the RV Pelagia and Royal NIOZ staff and technicians are
thanked for their support during cruise preparations and at sea. We thank A. Van

132



Paleo-redox fronts and their formation in carbonate mound sediments

Leeuwen for the swift XRD-measurement at the University of Utrecht. M. Eisele is
thanked for assistance with MSCL at MARUM, University of Bremen, Germany. J.-B.
Stuut is thanked for reviewing an earlier version of this manuscript. Insights and com-
ments provided by two anonymous reviewers significantly improved the manuscript.
The carbonate mound studies were supported financially by the European Science
Foundation (ESF)/Netherlands Organisation for Scientific Research (NWO) under
projects Moundforce, Microsystems and Carbonate. The first author is funded by
NWO through NEBROC (Netherlands-Bremen Cooperation in Oceanography)-grant
800.08.290.

133



134



Chapter 7

Carbonate mound development in contrasting
settings at the Irish margin

Abstract

Carbonate mounds, formed by framework building cold-water corals, cluster in several
mound provinces along the Irish margin. Variations in carbonate mound development
and sediment composition between mounds at the southwest Rockall Trough margin
and the Galway Mound in the Porcupine Seabight are investigated. Variations in sedi-
ment composition between these mound provinces are an expression of the local envi-
ronmental conditions. Mound accumulation rates are higher at the Galway Mound due
to a higher influx of off-mound derived fine grained non-carbonate sediments. At both
locations mound growth has been continuous for the last ca 11.000 years, before this
period several hiatuses exist in the mound record. The most recent hiatus can be traced
across multiple mounds and mound provinces at the Irish margin. At the southwest
Rockall Trough margin these are associated with post-depositional aragonite dissolu-
tion in and lithification of certain intervals, while at Galway Mound no lithification
occurs. This study revealed that the influx and types of material transported to carbon-
ate mounds have a direct impact on the carbonate mound accumulation rate and on
post-depositional processes.

This chapter is based on: Van der Land, C., Eisele, M., Mienis, M., De Haas, H., Hebbeln, D.,
Reijmer, J.J.G. and van Weering, T.C.E. Carbonate mound development in contrasting set-
tings at the Irish margin. Submitted in revised form to Sedimentary Geology
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7.1 Introduction

Cold-water corals are widely distributed and thrive on continental shelves, slopes, at
seamounts in fjords and on canyon walls around the world (Freiwald and Roberts,
2005; Roberts et al., 2006; Roberts et al., 2009). Under specific environmental condi-
tions framework building cold-water corals such as Lophelia pertusa and Madrepora
oculata can form elevated structures above the seafloor, so called carbonate mounds.
Vital for mound growth is the presence of a dense coral framework, creating local low
energy environments, promoting the accumulation of hemipelagic and bedload sedi-
ment between the coral branches (De Haas et al., 2009; Dorschel et al., 2007; Mienis
et al., 2009).

At the Irish margin several carbonate mound provinces exist, e.g. on both sides of
the Rockall Trough (RT) (Akhmetzhanov et al., 2003; Kenyon et al., 2003; Van Weer-
ing et al., 2003a; Wheeler et al., 2005b), on the western Rockall Bank (RB) (Wienberg
et al., 2008) and in the Porcupine Seabight (PS) (De Mol et al., 2002; Henriet et al.,
1998; Hovland et al., 1994; Huvenne et al., 2002; Huvenne et al., 2003) (Fig.1). Car-
bonate mounds in the PS and along the SW Rockall Trough (SW RT) margin all occur
in a confined depth zone, where strong currents enhance the food supply to the corals
and prevent them from getting buried by sediment (Duineveld et al., 2007; Mienis et
al.,, 2007; White et al., 2005). However, some significant differences exists between
the two areas, for example in, mound morphology, local near-bed hydrodynamics
(White and Dorschel, 2010), cold-water coral facies distribution (De Haas et al., 2009;
Dorschel et al., 2007) and the composition of mound sediments (Dorschel et al., 2005;
Eisele et al., 2008; Mienis et al., 2009; Titschack et al., 2009).

Mound growth models emphasise variations in climate and the associated changes
in ocean circulation as the main driving factors for mound growth and variations in
mound accumulation rates over time (Dorschel et al., 2005; Kano et al., 2010; Kano
et al., 2007; Mienis et al., 2009; Ruggeberg et al., 2007; Sakai et al., 2009). Oxygen
isotope records from the base to the top of Challenger Mound have highlighted the re-
sponse of carbonate mounds over glacial-interglacial cycles (Sakai et al., 2009). How-
ever, hiatuses and post-depositional aragonite dissolution (Frank et al., 2010) obscure
the Challenger Mound sediment record. Similar post-depositional alterations and ero-
sion of carbonate mound sediments have been observed in shallow cores from other
mounds along the Irish margin (Dorschel et al., 2005; Eisele et al., 2008; Foubert et al.,
2007; Frank et al., 2005; Pirlet et al., 2010; Riiggeberg et al., 2007; Van der Land et al.,
2010).

This raises the question whether the underlying processes controlling these post-
depositional alterations have a regional or local, mound specific origin. Comparative
studies between carbonate mound provinces have the potential to differentiate be-
tween the effects of local and regional forcing processes on mound development. By
comparing the sediment record of Galway Mound (GM) in the Belgica Mound Province
(BMP) in the PS to mound sediments from the SW RT (Fig. 7.1) we aim to obtain and
explain this differentiation. At both sites mound summits are covered by a dense live
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Figure 7.1 (A) Overview of mound areas along the western British and Irish margin. SW RT = South-
west Rockall Trough margin, BMP = Belgica mound province. (B) Multibeam map of part of the car-
bonate mound area at the SW RT margin. M2001 and M2003 are stations of cruises 64PE182 and
64PE251 respectively. Multibeam data courtesy of Gerard Duineveld (NIOZ) (Cruise 64PE249). (C)
Multibeam map of the Belgica mound province. Multibeam data from Beyer et al. 2003 via PAN-
GAEA. Multibeam images are three times vertical exaggerated and view to the north.

coral cover and mound growth has been continuous for the last 11.000 years. Before
this period their sediment records contain several hiatuses. We focus on the most re-
cent hiatus, associated with the last glacial-interglacial transition, which is present
in other mound sediment records as well (Dorschel et al., 2005; Frank et al., 2005;
Riiggeberg et al., 2007).

7.2 Regional and local setting
7.2.1 Regional setting

The RT is a 900 km long NE-SW trending basin which deepens towards the southwest
into the Porcupine Abyssal Plain (Fig. 7.1). Water depths range from 2000 m in the
northeast to 5000 m in the southwest. To the west the RT is bounded by the RB and
by the Porcupine Bank (PB) to the southeast. South of the PB the 150 km long and 65
km wide PS is located, widening to the south. Water depths reach from 250 m in the
north to over 3000 m in the southwest towards the Porcupine Abyssal Plain (Boldreel
et al., 1998).
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Structural evolution of the Rockall and Porcupine areas comprises several rift
episodes during the Mesozoic with phases of volcanism during Early Cretaceous and
Early Cenozoic times. A number of regional unconformities, controlled by both basin
tectonic and regional oceanographic effects, can be correlated throughout the Porcu-
pine and Rockall basins. The youngest of these unconformities (C10/RD1: Early Plio-
cene) (Stoker et al., 2001; Van Rooij et al., 2003) can be traced throughout much of the
NW European Atlantic Margin (Shannon et al., 2007) and serves as initiation point for
extensive coral colonization resulting in mound growth (Kano et al., 2007; Kenyon et
al., 2003; Mienis et al., 2006; Van Rooijj et al., 2003; Van Weering et al., 2003b).

Rockall Mounds, SW Rockall Trough margin

At the SW RT margin carbonate mounds have formed kilometres long and wide clus-
ters up to 360 m high, which occur between 600 and 1000 m water depth (Mienis
et al., 2006), their summits are confined to a depth range between 500 and 600 m
water depth (Mienis et al., 2007) and are embedded in the Eastern North Atlantic
water mass (ENAW) (Holliday et al., 2000; New and Smythe-Wright, 2001; van Aken
and Becker, 1996). Mound slope inclinations are 25° on average, their flanks are cov-
ered with patches of living corals alternating with dead colonies, while the summits of
the mounds are characterised by a dense cold-water coral cover (De Haas et al., 2009;
Wilson, 1979). Tidal currents and internal waves transport fresh food particles, em-
bedded in water with high temperatures and with increased velocity, to the mounds
(Mienis et al., 2007).

Galway Mound, Belgica Mound Province, Porcupine Seabight

The Belgica mound province (BMP) is located on the eastern slope of the PS and is
characterised by individual mounds that rise up to 150 m above the seafloor (Beyer
et al., 2003; De Mol et al., 2007) (Fig. 7.1). The hydrography of the PS is mainly in-
fluenced by ENAW and Mediterranean Outflow Water (MOW). The warm and saline
ENAW constitutes the uppermost layer of the water column reaching down to a water
depth of 800 m, whereas MOW becomes predominant below this depth (Rice et al.,
1991). The deeper mound chain, which includes GM, is situated in 800 to 900 m water
depth. Here mounds are found with a dense living coral cover at their tops (De Mol et
al., 2002; Foubert et al., 2005; Huvenne et al., 2005; Wheeler et al., 2005a). Galway
Mound has its base at 870 m and its top in 790 m depth, at the boundary of the MOW
and the overlying ENAW. The mound is 1 km wide and 2 km long, with the longest axis
perpendicular to the dip of the slope (De Mol et al., 2002). The mound summit, where
highest bottom current speeds were found, houses the highest density of living coral
colonies (Dorschel et al., 2007).
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7.3 Material and methods
7.3.1 Collection of material

Cores M2001-28 and M2001-43, with a length of 244 and 205 cm respectively, were
recovered during RV Pelagia cruise 64PE182 (De Stigter and De Haas, 2001). They
originate from two elongated mound clusters oriented with their longest axis perpen-
dicular to the slope of the Rockall Bank. Core M2003-23 recovered 427 cm of sedi-
ments from an elongated slope-parallel mound cluster and was obtained during cruise
64PE251 (De Haas and Mienis, 2003) (Fig. 7.1). During R/V Meteor cruise M61/3 in
June 2004 three cores were retrieved from the summit and flanks of GM (Ratmeyer
and Cruise participants, 2006) (Fig. 7.1). Core GeoB 9213 recovered 515 cm from the
mound top, core GeoB 9214 taken at the western flank recovered 489 ¢cm and core
GeoB 9223 recovered 444 ¢cm of mound sediments from the southern flank. To keep
the coral structure intact, cores were cut with a diamond saw while frozen. The split
cores were described, one half was used for subsequent sampling and the other half
was used for non-destructive measurements and kept intact.

7.3.2 Age dating

Coral specimens selected for dating with the U/Th method (Table 7.1) were ultrasoni-
cally cleaned, leached in a weak acid (diluted ascorbic acid + Na,EDTA at 60 °C) and sub-
sequently scrubbed to avoid the remains of organic tissue and surface contaminants
(Cheng et al., 2000). A small portion of each sample was analysed by X-ray diffraction
to check for the purity of the skeletal aragonite. 2*°Th/U age determinations of cold-
water corals from the SW RT cores were carried out at the VU University Amsterdam
(The Netherlands) on a Finnigan 262 RPQ+ thermal-ionization mass spectrometer
(Abrantes et al., 1998; Fruijtier et al., 2000). Previously published age determinations
of cold-water corals from GM cores (Eisele et al., 2008)were obtained with an AXIOM
multi-collector inductively coupled-plasma mass-spectrometer at the [IFM-GEOMAR
(Kiel, Germany) applying the multi-ion counting method (Fietzke et al., 2005; Van der
Land et al., 2010). Additional *°Th/U corals ages from GM coress were determined us-
ing a Thermo Fisher Scientific XseriesII ICP-QMS CCT installed at the Laboratory for
Climate and Environment Sciences, Gif-sur-Yvette, France following the method from
Douville et al. (2010). Details on the method for AMS 14C age determinations can be
found in Mienis et al. (2009) for core M2003-23 and in Eisele et al. (2008) for cores
GeoB 9213, GeoB 9214 and GeoB 9214 (Table 7.1).

7.3.3 Sediment composition

Describing and quantifying the different grain size fractions in the bulk sediment
of cores M2003-23 and GeoB 9214 determined the sediment composition. For core
M2003-23 1 cm thick slices of one half of the core were freeze-dried at 10 cm inter-
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Core Depth  Analysed 20Th/U age
(cmbs)  fraction
M2003-23 12 L. pertusa 51 +10"
M2003-23 39 M. oculata 1330 +40"
M2003-23 68 M. oculata 5570 +80"
M2003-23 119 L. pertusa 10800 +80"
M2003-23 226 L. pertusa 246000 +5000"
M2003-23 317 L. pertusa 363000 +12000
M2001-28 18 L. pertusa 830 +20?
M2001-28 159 L. pertusa 11000 +50?
M2001-43 0 L. pertusa 110 52
M2001-43 920 L. pertusa 5920 +480?
M2001-43 152 M. oculata 10900 +110?
GeoB 9213 150 L. pertusa 9170 +150%
GeoB 9213 377.5 L. pertusa 223000 6200
GeoB 9213 385 L. pertusa 276000 +5700
GeoB 9213 462 L. pertusa 299000 +12000%
GeoB 9214 180 L. pertusa 8680 +160%
GeoB 9214 270 L. pertusa 10400 +100
GeoB 9214 281 L. pertusa 129000 +1300
GeoB 9214 378 L. pertusa 269000 +9000%
GeoB 9223 427 L. pertusa 10000 +1110
GeoB 9223 448 L. pertusa 126000 +910
Core Depth  Analysed 14C age (yr BP) Calendar age
(cmbs)  fraction (Cal yr BP)
M2003-23 169 G. bulloides 38600 +600 43509"
GeoB 9213 143 pl. forams 7820 45 83443
GeoB 9214 178 pl. forams 6690 +40 72743
GeoB 9214 213 pl. forams 8130 45 86687
GeoB 9223 168 pl. forams 5200 +35 55643

Table 7.1 Details of the U/Th and AMS 14C age determinations carried out on six sediment cores
from the SW RT margin and Galway Mound. 1) Mienis et al. (2009). 2) Van der Land et al. (2010).3)
Eisele et al. (2009).
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vals. The <63pum fraction was retained during wet-sieving. After drying, the >63um
fraction was dry sieved into 63-150 pm, 150-500 pm, 0.5-1 mm, 1-2 mm and >2 mm
size fractions.

For core GeoB 9214 grain size fractions were determined at 5 cm intervals from
matrix samples obtained with a syringe. The <63 pm fraction was not preserved dur-
ing wet-sieving, its weight contribution was determined by subtracting the dry weight
of the >63 pum from the total dry sample weight. The >63 um fraction was dry sieved
into a 63-150 um and a >150 pm size fraction.

7.3.4 Calcium carbonate and organic carbon

The relative contribution of carbonate, non-carbonate and organic material to the
mound sediments was quantified for cores M2003-23, GeoB 9214 and GeoB 9223.
Total organic carbon for samples from core M2003-23 of the fraction < 63 pm was
measured by gas chromatography of CO, gas released by flash combustion of sediment
samples, using the Thermo Elemental Analyser Flash EA 1112 (Verardo et al., 1990).
The calcium carbonate content, expressed as weight percentage, was calculated from
the inorganic carbon content, assuming that all evolved CO2 was derived from disso-
lution of CaCO,. No correction was made for the presence of other carbonate minerals
such as dolomite. The total CaCO, content was determined by adding the weights of
the CaCO, material for all the analysed sieve fractions divided by the total sample
weight (Mienis et al., 2009).

In cores GeoB 9214 and 9223 the total carbon, organic carbon and CaCO, content
were determined with a Herareus CHN-O rapid element analyser (Miller et al., 1994)
at 5 cm sampling intervals from matrix samples obtained with a syringe. Although
total organic carbon percentages were not determined on the same fractions for cores
M2003-23 and GeoB 9214, down core patterns are comparable.

7.3.5 Oxygen isotope analysis

To establish Pleistocene to Holocene marine isotopic stages and for correlation be-
tween cores the stable oxygen isotope measurements (Eisele et al., 2008; Mienis et
al., 2009) were measured. In core M2003-23 the 80 signal of the planktonic species
Globigerina bulloides and of the benthic species Discanomalina coronate was obtained
from pristine individuals picked each 10 cm from the 250 to 300 pm fraction. In cores
GeoB 9213 and 9214 stable oxygen isotope measurements were carried out each 5
cm on pristine individuals of the benthic species Cibicidoides wuellerstorfi or Planu-
lina arimensis, picked from the >150pm fraction. All 5'®0 data are reported relative
to the PDB standard. Samples from core M2003-23 were measured with a Gas Bench
IT equipped with a Delta + mass spectrometer at the VU University Amsterdam (The
Netherlands), with an analytical standard deviation of +0.09%o &'®0. After crushing, a
small aliquot of the benthic foraminifera was used, while for the planktonic foramin-
ifera 5 individuals were used per measurement. For the GM samples 5 to 6 individual
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Figure 7.2 (A) Correlation between the log ratio of Sr and Ca (log(Sr/Ca)) and the log of the ratio be-
tween aragonite carbonate content and non-aragonite carbonate content (log(Ara%/non-Ara%)) for
samples from the same depth in core M2003-23. (B) Downcore variation of log(Sr/Ca) (triangles) and
log(Ara%/non-Ara%) (grey diamonds) for core M2003-23. Note similarities in pattern for both da-
tasets. (C) Correlation between the log ratio of Ca and Ti (logCa/Ti) and the log of the ratio between
CaCO3 content and non- CaCO3 (log(CaCO%/non- CaCO,%)) for samples from the same depth in
core GeoB 9214. (D) Downcore variation of log(Ca/Ti) (triangles) and log(CaCO %/non- CaCO,%)
(grey diamonds) for core GeoB 9214. Note similarities in down core pattern for both datasets.

foraminifera were used per measurement on a Finigan MAT251 mass spectrometer
at the MARUM Isotope Laboratory (Bremen, Germany), with an analytical standard
deviation of +0.07%o 6'%0.

7.3.6 X-ray fluorescence core scanning and calibration

The carbonate content (see above) and aragonite content (see below) values, obtained
at a low resolution from the cores, were used to calibrate high resolution X-ray fluo-
rescence (XRF) intensities. Down core element intensities of Calcium (Ca), Strontium
(Sr) and Titanium (Ti) were determined with the NIOZ-CORTEX XRF core scanner
(Jansen et al., 1998; Richter et al., 2006) with a sample spacing of 1 cm, a counting
time of 30 s and with a generator setting of 10 kV. The NIOZ core scanner has recently
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been equipped with a silicon drift detector (Alberti et al., 2007) which significantly
improves the signal-to-noise ratio for certain elements (e.g. Ti, Mn). The obtained el-
ement intensities are reported in counts per second (cps). These were converted to
log-ratios of intensities for titanium-calcium and strontium-calcium. Log-ratios of
intensities may be converted to log-ratios of concentrations by simple linear transfor-
mations and provide the most straightforward interpretable signals of relative down
core changes in chemical composition (Weltje and Tjallingii, 2008).

The carbonate content in weight percentage of total sample weight (CaCO,%, see
3.4) was converted to a log ratio between carbonate and non-carbonate components
(log(CaCO,%/non- CaCO,%)) and compared with the log(Ca/Ti) ratio at the same
depth for cores M2003-23, GeoB 9214 and GeoB 9223, shown for core GeoB 9214
(Fig. 7.2A and B). Subsequently this correlation was used to convert high resolution
log(Ca/Ti) records to high resolution CaCO,% records. This calibration assumes that
variations in the amount of non-carbonate material in the mound sediments are pro-
portionally related to variations in XRF intensities of the calcium-titanium ratio.

A 5-point running average of the log ratio of Sr/Ca was compared with the relative
aragonite content at the same core depth, obtained at a 10 cm resolution for the SW
RT cores (See Van der Land et al. (2011) for details) and is shown for core M2003-23
(Fig. 7.2C and D). The aragonite content of core M2003-23 was determined by XRD
measurements each 10 cm of large bulk sediment samples (>20 cm®) including large
coral fragments. For cores M2001-28 and M2001-43 the aragonite content was mea-
sured by XRD on small (~5 cm3) matrix samples at 10 cm resolution. To account for
the aragonite provided by large coral fragments not captured in this small sampling
volume, the coral content was inferred from digital images following Titschack et al.
(2009). The relative contribution of aragonite to the carbonate fraction (Ara%) was
converted to a log ratio between aragonite and non-aragonite carbonate (log(Ara%/
non-Ara%) to allow comparison with the log(Sr/Ca) ratio. Since the strontium concen-
tration in aragonite is an order of magnitude higher than its concentration in calcite
(Milliman, 1974), the strontium-calcium ratio should reflect changes in the aragonite
content of the sediment. The correlation between log(Sr/Ca) and log Ara%/non-Ara%
was used to convert high resolution log(Sr/Ca) records to high resolution records of
aragonite content.

7.4 Results

7.4.1. Down core mound sediment records at the SW RT margin

Ages

Coral skeletons at the base of the uppermost-unlithified interval dated by the 230Th/U
method all show ages around 11.000 years. Coral branches sampled at the surface of
piston cores M2003-23 and M2001-43 have ages of 51 +10 and 110 +5 years. In box
cores taken at the top of the same mound,210Pb measurements revealed that ongo-
ing recent sedimentation takes place (De Haas et al., 2009). Sedimentation thus ap-
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pears to be continuous over the last ca 11 kyr. For core M2003-23 this implies an
average mound growth rate of 10.0 +0.1 cm kyr* over the last 11 kyr, whereas for
cores M2001-28 and M2001-43 these are 14.5 +0.1 and 14.2 +0.2 cm kyr* respec-
tively. Below this interval three coral ages from core M2003-23 of 43.5 +0.1 kyr (169
cm, dated with 14C AMS), 246 +5 kyr (226 cm) and 363 +12 kyr (317 cm) indicate low
sedimentation rates or periods of extensive non-deposition or erosion during the late
Pleistocene (Fig. 7.3).

Sediment composition

Piston cores obtained from the summits of coral topped carbonate mounds at the SW
RT display an alternation between unlithified and lithified intervals (Fig. 7.3). Unlith-
ified sediments contain cold-water coral fragments embedded in a fine grained ma-
trix of which the micritic fraction mainly consists of coccoliths. Other bioclasts in
the matrix are planktonic and benthic foraminifera, ostracods, brachiopods, bivalves,
gastropods and echinoids in variable amounts, with a minor contribution of sponges
(only in the Holocene sections). In some layers of unlithified sediments benthic and
planktonic foraminifera are the dominant constituents.

In the lithified sediments coccoliths display thickening of their skeletal elements
by calcite precipitation, this calcite cementation lithified the sediment and resulted in
reduced porosity (Van der Land et al., 2010). The composition of the lithified intervals
is comparable to the unlithified intervals, but cold-water corals and other species with
aragonite skeletons are noticeably absent. Microscopic studies revealed the presence
of partly dissolved coral fragments and coral-shaped moulds in these sediments (Van
der Land et al., 2010). The upper boundary of lithified intervals, especially the transi-
tion of the uppermost lithified interval to the overlying unlithified coral-bearing sedi-
ments (recovered in all three cores), is abrupt with an irregular surface.

The carbonate content of the SW RT cores mostly ranges between 80 and almost
100% with partly somewhat lower contents. The contribution of non-carbonate ma-
terial is generally below 20%. Some discrete centimetre-thick layers, however, show
percentages of up to 75% (Fig. 7.4). These layers are rich in lithoclasts and sometimes
occur associated with the transitions between lithified and unlithified intervals (Mie-
nis et al., 2009).

For core M2003-23 the size fraction above 2 mm is entirely dominated by coral
fragments, a relative smaller contribution of this fraction is present in coral-free lith-
ified intervals (Fig. 7.3). Lithified intervals contain a higher percentage of fine (<63
pm) material. By contrast, the oldest unlithified sediments of core M2003-23 from
312 to 405 cm contain less fine grained material compared to the uppermost unlith-
ified interval, 21% versus 38% on average respectively.

Opposite page:

Figure 7.3 Stratigraphic profiles of SW RT (left) and Galway Mound cores (right). Stable oxygen iso-
tope curves, % Corg values and grain-size distribution for cores M2003-23 (center-left) and GeoB
9214-1 (center-right) are shown in the central part of the figure.
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Organic carbon contents

Organic carbon contents for the <63 pm fraction of core M2003-23 are highest in the
youngest sediments (Fig. 7.3, Table 7.2). Surface sediment organic carbon contents
(measured in a boxcore at the same site) rapidly decrease in the top 10 cm from 0.8%
to 0.4% (Mienis et al., 2009). A similar trend is observed in the Holocene section (0-
124 cm core depth) which shows a decrease from 0.6% in the top to 0.25% at 55 cm
depth. After a small increase to 0.5% at 100 cm values are around 0.2% at the base of
the Holocene at 120 cm core depth. The organic carbon content of pre-Holocene sedi-
ments (125-440 cm core depth) is low with values around 0.1%, a small increase to
0.2% is observed at 190 cm core depth, just below a hiatus.

Mineralogy

Ternary plots of high resolution XRF core scanning calibrated against discrete low res-
olution samples are shown in Fig. 7.4. Firstly non-carbonate and carbonate material
are distinguished. The carbonates can be further divided in material with an aragonite
mineralogy and non-aragonite mineralogy. The average sediment of the SW RT cores
comprises for 10% non-carbonate material, 30% is material with aragonite mineral-
ogy and 60% consists of calcite. The contribution of dolomite and high-Mg calcite is
negligible. Non-carbonate components are most abundant in core M2001-28 where
they comprise 35% of the sediments (Table 7.2). Some discrete centimetre-thick lay-
ers display a higher content of non-carbonate components (i.e. lithoclasts), which is
resolved with the high resolution XRF data. Most of the non-carbonate components
have an off-mound origin since on-mound produced non-carbonate components (e.g.
silica sponge spicules and other silicon biological components) are rare (Mienis et al.,
2009; Van der Land et al., 2010).

The largest variety occurs in the aragonite content, which varies from below detec-
tion limit in the lithified interval of M2001-43 to 93% in the unlithified coral dominat-
ed sediments of core M2003-23. The unlithified sediments of core M2003-23 contain
43% aragonite on average, for cores M2001-28 and M2001-43 this is 34%. Lithified
layers contain around 9% aragonite material, with highest contents in core M2001-28
with an average of 36%. Holocene sediments contain 34% aragonite average, sediment
of older age only 26%. Due to the high concentration of non-carbonate components at
the base of the Holocene section, the average weight percentage for this component is
12% in the Holocene compared to 8% for older sediments.

7.4.2. Down core mound sediment records at the Galway Mound

Ages

Due to the presence of corals over the entire core length, a more detailed age model,
with some of the U/Th ages previously reported by Eisele et al. (2008), could be ob-
tained for the GM cores (GeoB 9213, GeoB 9214, GeoB 9223) compared the SW RT
cores (M2001-28, M2001-43, M2003-23) (Fig. 7.3). Based on a distinct colour change
from light to grey sediments which correlates with shifts in the 80 signal and the
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Figure 7.4 Ternary plots of components in cold-water coral mound cores from the SW RT margin
(upper part) and Galway Mound (lower part). The three major constituents of sediments are non-car-
bonate material and carbonates with an aragonite or other calcite mineralogy. Large symbols denote
data from discrete samples, small symbols are from calibrated XRF data.

Ca/Fe ratios, the authors recognised a hiatus in the cores (Eisele et al., 2008), addi-
tional sampling for U/Th dating focussed on corals directly above and below this hia-
tus (Table 7.1). Above this hiatus, at 278 cm in core GeoB 9214, 375 cm in core GeoB
9213 and at 432 cm core depth in core GeoB 9223, the sediment consists of Holocene
deposits. Coral ages at the base of these Holocene deposits are 10.4 +0.1 kyr and 10.0
+1.1 kyr for cores GeoB 9214 and 9223 respectively. Combined with the observation
of a live coral cover on top of the mound (Dorschel et al., 2007), this implies an aver-
age mound growth rate of 25.0 0.2 cm kyr* over the last 10 kyr for core GeoB 9214
and 43.2 +4.8 cm kyr for core GeoB 9223. If we assume that sediment at the base of
the Holocene deposits of core GeoB 9213 are of a similar age as in the other cores, the
growth rate for this core will be in the order of 38 cm kyr™. The coral ages obtained
from the sediments underneath the Holocene deposits indicate, as in the SWRT cores,
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SW Rockal Trough margin mounds Galway Mound, Belgica Mound Province
Core M2001-43 M2001-28 M2003-23 GeoB 9214 GeoB 9213 GeoB 9223
Mound height ~150 m ~150m 380m ~100m
Mound top
(water depth) 634 m 671 m 673 m 515m
Holocene
Sediment Unlithified coral pack- to rudstone with Unlithified coral pack- to rudstone with

composition foraminiferal pack- to grainstone intervals foraminiferal pack- to grainstone intervals

<63um  24-56(37) 29-68(51) <63 um
63-150 pm 10-28(19) 12-38(27) 63-150 um
150 um -2 mm 9-35(21) 6-51(22) > 150 um
>2mm 4-46(23)

Grain size (wt%)

Aragonite (Wt%)
Calcite (Wt%)

Non-carb (wt%)

accummgggg 139 14.4 11.0 26.0 16.4 432

rate (cm kyr") 0.1 +0.1 +0.1 +0.2 +0.3 +4.8
Carbonate

h 12,6 12.6 9.6 16.1 52 19.9

accumulation +0.1 401 i 05 o2 199

rate (cm kyr)

Pre-Holocene

Sediment Unlithified coral pack- to rudstone Unlithified coral pack- to rudstone with
composition  alternating with lithified echinoid floatstone foraminiferal pack- to grainstone intervals

<63 pm 8-70(30) 13-77(59) <63 pum
63-150 pm 2-35(12) 4-27(16) 63-150 pm
150 yum -2 mm 15-61(38) 10-74(25) > 150 um
>2mm 1-48(20)

Grain size (Wt%)

Aragonite (wt%) 0-9(3) 3-80(38) 0-94(26) 19-57(37) 22-34(29) 19-57(37)
Calcite (Wt%) 70 - 94 (90) 14-93 (51) 4-97 (66) 8-33(17) 10-15(12) 8-33(17)
Non-carb. (wt%) 3-26(7) 2-63 0-73(8) 13- 69 (46) 53-66 (59) 13-69 (46)
Mound
accumulation n.a. n.a. 833 gg? +1623 n.a.
rate (cm kyr™) - - —
Total* minimum
accumulation n.a. n.a. +0680 +1640 +1651 3660

rate (cm kyr™)

Table 7.2 Comparison of SW RT mounds and Galway Mound characteristics. Average values for min-
eral composition and grain size between brackets. *Mound sediments accumulated since the oldest
dated sediments for each core, minimum rate since multiple hiatuses exist.
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low sedimentation rates or periods of extensive non-deposition or erosion before this
time interval. For core GeoB 9214 corals just below the base of the Holocene are dated
as 129.0 +12.7 kyrs and as 126.0 +0.9 kyr for core GeoB 9223, however in core GeoB
9213 coral ages are 223.0 +6.2 just below the Holocene deposits. Furthermore, coral
ages from deeper core depth in cores GeoB 9214 and 9214 (Fig. 7.3) suggest that more
hiatuses exist in the pre-Holocene deposits as also proposed for nearby Challenger
mound (Kano et al., 2007).

Sediment composition
The sediments recovered from the cold-water coral topped GM are entirely composed
of a cold-water coral floatstone embedded in unlithified matrix sediments.

Matrix sediments have a pack- to wackestone texture and contain small coral frag-
ments, planktonic and benthic foraminifera, bivalves and echinoids. The coral content
is high trough- out the entire length of the cores. Large lithoclasts/dropstones are a
minor component, but fine grained non-carbonate lithoclasts and clay minerals are
abundant. On average 60% of the matrix sediments of Core GeoB 9214 has a grainsize
below 63 um. Coarse matrix sediments are found between 50 and 120 cm core depth
with up to 40% of the sediments with a grainsize above 150 um. A colour change of
the matrix sediments around 280 cm core depth is observed with lighter sediments
(greyish brown 2.5Y 5/2 following the Munsell Colour chart) below, overlain by darker
(dark greyish brown 2.5Y 4/2) sediments. A comparable colour change, marking the
erosional base of the Holocene (see section 4.2.1), is observed in core GeoB 9213 at
375 cm and at 430 cm depth in core GeoB 9223.

Organic carbon contents

In the Holocene section of core GeoB 9214 (0-278 cm core depth), the organic carbon
values are weakly linked to the amount of fine material (<63pm), more fine material
leads to higher percentages (Fig. 7.3). Organic carbon percentages are around 0.3%
for the Holocene section. Below the hiatus at 278 c¢m core depth, percentages drop to
0.2%. Two peaks of 0.85% at 315 cm and 0.55% at 342 cm in this section (278-370 cm
core depth) are unrelated to grain size variations. A small increase from 0.2 to 0.42%
is observed at 380 cm core depth, just below a hiatus. In the section from 380 to 489
cm core depth higher organic carbon percentages are again linked to an increase in fine
material.

Mineralogy

CaCO, and XRD measurements combined with high-resolution XRF scanning reveal
that the Galway cores contain on average about 60% non-carbonate material, 27% is
material with aragonite mineralogy and 13% consists of calcite. Compositional chang-
es are mainly caused by shifts between the proportions of non-carbonate components
and aragonite carbonates, whereas the amount of calcitic carbonates varies the least.
The largest variation is observed in core GeoB 9214 with non-carbonate components
varying between 13 and 73 weight percentage. The average weight percentage of car-
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bonates with aragonite mineralogy is 24% for core GeoB 9213, 33% for core GeoB
9214 and 23% for core GeoB 9223. The major difference between Holocene and pre-
Holocene sediments is a shift from 51% non-carbonate components and 34% arago-
nite carbonates in the older sediments to 64% and 24%, respectively, in the younger
sediments.

7.5 Discussion

The Holocene sediments at the GM and SW RT margin mounds consist of a cold-water
coral framework embedded in unlithified fine-grained sediments. The average thick-
ness of Holocene deposits at the GM is 364 cm versus 147 cm at the SW RT mounds.
The ages of corals at the base of the Holocene are around 11 kyr at both sites, which re-
sults in average mound growth rates of ~33 cm kyr* at GM and ~13 cm kyr* at the SW
RT mounds for the Holocene. The difference in mound growth rates can be explained
by the difference in input of off-mound produced material between both sites. This
process was also observed in cores from other mounds at the Irish margin (Dorschel
et al., 2005; Foubert et al., 2007; Frank et al., 2009; Pirlet et al., 2010; Riiggeberg et
al., 2007). At GM, approximately 60% of the sediment (by weight) consists of non-
carbonate components, compared to only 2-20% for most of the sediments at the SW
RT (Table 7.2, Fig. 7.4). As on-mound production and biological production of non-
carbonate components is minor at the carbonate mounds at both locations (Dorschel
et al., 2007; Mienis et al., 2009), we infer that these sediments have a non-biological
off-mound origin. If we deduce this off-mound input from the accumulated Holocene
deposits, mound growth rates at both sites are comparable, with ~13 cm kyr* at GM
and ~12 cm kyr™ at the SW RT mounds.

The origin of this difference in off-mound sediment input can be explained by the
locations of both sites. The influx of off-mound derived fine grained non-carbonate
particles at the SW RT is limited as the Rockall Bank is cut off from continental de-
rived terrigenous sediment by the RT (Holliday et al., 2000; Manighetti and McCave,
1995). High percentages of off-mound derived or non-carbonate sediments are pres-
ent throughout the entire core at GM, while in the SW RT mounds high percentages of
these types of sediments only occur as poorly sorted mm-sized lithoclasts in discrete
centimetre-thick layers (Fig. 7.4). The origin of these distinct layers of poorly sorted
sand-sized particles is generally attributed to non-size-selective ice-rafting processes,
particularly in this part of the NE Atlantic (Bond et al., 1992; Peck et al., 2007; Prins
et al., 2002). However, some of these layers can be found directly above the erosional
upper boundary of lithified intervals (Mienis et al., 2009; Van der Land et al., 2010),
in particular at the base of the Holocene section just above the most recent hiatus
(Fig. 7.3). The strong erosional currents leading to the formation of this hiatus prob-
ably removed finer grained sediment and formed a lag deposit of coarse grained sedi-
ments just above the hiatus. Coarse grained non-carbonate particles were probably
transported to the SW RT mounds by iceberg rafting, but their appearance as distinct
cm-thick layers associated with hiatuses in the sediment record suggests that post-
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depositional winnowing was also important.

At the GM a large portion of the fine-grained sediments have a non-carbonate
mineralogy and distinct layers enriched in coarse grained particles are absent (Eisele
etal., 2008). In the nearby Challenger Mound a large portion of the fine-grained non-
carbonate matrix sediments in interglacial deposits have a glacial siliciclastic origin
(Pirlet et al., 2011). These glacial sediments were deposited between the coral frame-
works by reworking of glacial sediment during interglacial bottom current transport.
A similar glacial siliciclastic origin for the fine-grained non-carbonate Holocene matrix
sediments of the nearby GM is possible. Contour currents might also be significant
(Van Roojj et al., 2007) in transporting non-carbonate/siliciclastic material to the
mound.

In contrast to the Holocene section, older sediments from GM and the SW RT
mounds differ considerably. Pre-Holocene GM sediments contain corals throughout,
whereas sediments from the SW RT have several intervals that lack aragonitic coral
fragments. These coral-barren intervals are lithified by calcite precipitation on coc-
coliths, a diagenetic feature described by Van der Land et al. (2010). No lithification
or significant dissolution of aragonitic corals is observed in the GM sediments. Thus,
the non-carbonate/siliciclastic fraction most likely plays a role in explaining the differ-
ences in diagenetic processes at both sites. In the carbonate rich mound sediments of
the SW RT organic matter oxidation in the upper sediment column most likely leads
to dissolution of aragonitic components, a process that was also observed in other set-
tings (James et al., 2005; Melim et al., 2002; Reuning et al., 2006). In the sediments
from GM the presence of reactive iron, from off-mound derived siliciclastic material
probably hinders the lowering of the carbonate saturation by buffering the solution,
thus preserving aragonitic corals. A similar process was observed in coral bearing sedi-
ments from the Norwegian margin (Wehrmann et al., 2009). Furthermore, a more
argillaceous sediment matrix hinders efficient organomineralisation (Larmagnat and
Neuweiler, 2011), which explains the higher amount of organic carbon in the clay rich
sediments of GM.

The carbonate mound sediments at the SW RT and GM each contain non-carbon-
ate components, aragonite and calcite in specific ratios (Fig. 7.4). SW RT carbonate
mound sediments contain a relative constant volume of non-carbonate components,
the amounts of calcite and aragonite mirror each other. This variation is mainly driven
by post-depositional diagenesis leading to aragonite dissolution and calcite precipita-
tion in certain intervals. Compared to sediments from the SW RT, the ratio between
the main minerals in the sediments at the GM is relative constant. Cores display a
relative constant amount of aragonite, largest variations are in the calcite and non-
carbonate content. The amount of aragonite primarily reflects the amount of arago-
nite coral framework in the sediment, therefore fluctuations in the amount of calcite
and non-carbonate components reflect changes in the composition of the matrix sedi-
ments. These fluctuations in the composition of matrix sediments are driven by varia-
tions in the influx of these components to the mound and the intensity of sediment
reworking. Fluctuations in the mineralogy of sediments at the SW RT are driven by
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diagenetic/secondary processes, while at the GM, comparable variations are linked to
fluctuations in primary input of each component to the sediment.

The formation of lithified intervals of the SW RT mounds is associated with gla-
cial-interglacial transitions (Van der Land et al., 2011). Detailed thin section investi-
gations revealed that the upper boundary of these lithified intervals probably relates
to a period of non-deposition or erosion (Van der Land et al., 2010). The most recent
hiatus associated with a lithified interval has been recovered in all SW RT cores and
this horizon can be correlated to the most recent hiatal horizon in the GM. On top of
this horizon carbonate mound sediments accumulated for the last 11kyr. This hiatus
is also recognised in other nearby located mounds at the SW RT (Frank et al., 2005),
in the BMP (Frank et al., 2005; Pirlet et al., 2010) and at mounds in the Hovland
mound province (HMP) (Dorschel et al., 2005) and in the Magelan mound province
(Ruggeberg et al., 2007), both in the Porcupine Seabight. However due to the bad pres-
ervation of corals in some intervals below this hiatus, absolute ages are scarce. Coral
ages directly below the hiatus in the GM are 129.0 kyr, 233.0 kyr and 126.0 kyr (Fig.
7.3). In Challenger Mound just below the hiatus coral ages are 78.8 kyr and 109.2 kyr
(Frank et al., 2005). Cores from Propeller Mound in the HMP contain several hia-
tuses (Ruggeberg et al., 2007). The youngest coral age below the most recent hiatus
in Propeller Mound is 93.1 kyr. The only coral age from the SW RT directly below the
most recent hiatus is 43.5 kyr in core M2003-23. This age, obtained directly below a
lithified interval, is much younger than those in cores which only contain unlithified
sediments. We could argue that erosional processes forming the hiatus halted on the
lithified sediments, leading to more preserved carbonate mound sediments. However,
the succeeding dated coral down core in core M2003-23 is already 246.6 kyr old, which
implies the presence of additional hiatuses, that are not associated with lithification.

The most recent hiatus can be traced across several mounds and mound areas at
the Irish margin. Erosion of mound sediments most likely occurs during periods with
enhanced bottom currents and when a coral cover is absent from the mound tops. It
is generally accepted that coral growth at the Irish margin ceased during glacial peri-
ods (Frank et al., submitted; Roberts et al., 2006; Sakai et al., 2009), which implies a
glacial origin of easily erodible sediments not being supported by a coral framework.
Dorschel et al. (2005) pinpointed to the onset of a vigorous interglacial bottom cur-
rent system eroding these not supported sediments as the cause for the formation of
hiatuses in mound sediment record. Most likely the most recent hiatus has been - at
least partly - caused during the last deglaciation when bottom currents picked up
again after a period of rather sluggish bottom water circulation during the last glacial
(Dorschel et al., 2005). Sediments from the GM display a larger age gap for the most
recent hiatus, compared to mound sediment from the SW RT. It is not possible to infer
whether this difference is due to lower mound accumulation rates or more extensive
erosion at the GM. However, the lack of lithified intervals might make the GM more
susceptible to extensive erosion.
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7.6 Conclusions

Differences and similarities in down-core records from two distinct mound provinces
along the Irish margin can be explained by their proximity to the margin and their
specific local environmental setting. Mound sediments at the SW RT margin and
GM both consist primarily of a cold-water coral framework embedded in unlithified
fine-grained sediments. Due to its position along the Irish continental margin, GM
contains a larger fraction of off-mound non-carbonate sediments, probably reworked
glacial deposits. In the Holocene, the only period that can be assessed explicitly, the
higher sediment results in higher mound accumulation rates compared to those at
mounds on the SW RT margin.

Off-mound derived or non-carbonate sediments are present throughout the entire
core at GM while in the SW RT mounds these types of sediments only occur as mm-
sized lithoclasts in discrete centimetre-thick layers. Iceberg rafting transported these
coarse grained non-carbonate particles to the SW RT mounds, subsequent winnowing
processes concentrated these coarse particles in discrete layers.

Variations in the composition of the GM sediments can primarily be explained by
fluctuations in the input, both external (off-mound derived) and internal (density of
coral cover on mound). For the SW RT mounds the main compositional variations are
caused by secondary processes, e.g. diagenesis leads to the dissolution of aragonite in
certain intervals and subsequent calcitic cementation. The shift in the carbonate solu-
bility equilibrium, which caused this dissolution, is prominent in the carbonate rich
sediments of the SW RT, but is absent in the GM sediments. In the latter mound the
presence of reactive iron, available from off-mound derived siliciclastic material prob-
ably hindered the lowering of the carbonate saturation by buffering the solution. This
might have lead to the well-preserved corals in the GM cores.

At both locations the sediments deposited before the Holocene mound accumula-

tion show multiple hiatuses in the mound record. The most recent of these hiatuses
can be observed at both locations and other mounds along the Irish margin and prob-
ably was formed during the last deglaciation, when glacial sediments were lacking any
stabilizing coral framework.
The influx and types of material transported to carbonate mounds has a direct impact
on the mound accumulation rate and on post-depositional processes. A higher influx
of non-carbonate components to the mounds can lead to higher mound accumula-
tion rates, but can also hinder the formation of lithified intervals which stabilise the
mound.
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Chapter 8

Synthesis

8.1 Cold-water corals and carbonate mound development

The research presented in this thesis focuses on the development of carbonate mounds,
their relation to cold-water corals and the post-depositional processes that affect these
deposits. This study aims to reconstruct the environmental conditions that promoted
carbonate mound development in the past and successively steered diagenetic pro-
cesses modifying the composition and texture of cold-water coral carbonate mound
sediments. By investigating the pathways and timing of diagenesis we can evaluate
its significance in carbonate mound formation. Studying the expression of synsedi-
mentary diagenesis in recent sediments contributes to the interpretation of similar
structures in fossil carbonate mounds in which the early diagenetic signature might
be overprinted by later alterations.

Carbonate mound structures, built by framework building corals, are found across
the world’s oceans on the upper and mid-slopes of continental margins and on flanks
of large oceanic banks and seamounts (Freiwald and Roberts, 2005; Roberts et al.,
2006; Roberts et al., 2009) and may have existed for several millions of years (De Mol
etal., 2002; Van Weering et al., 2003a; Kano et al., 2007), see section 1.2.1 for an over-
view of global cold-water coral mound distribution. Cold-water carbonate mounds are
defined as topographic seafloor structures that have accumulated through successive
periods of reef development, sedimentation and (bio)erosion (Roberts et al., 2006;
Roberts et al., 2009). Mound morphologies vary between and within mound prov-
inces, and range from up to 15 m high mounds, for example on the western conti-
nental slope of Florida (Newton et al., 1987; Reed et al., 2006) and in the Porcupine
Seabight in the NE Atlantic (Wheeler et al., 2011), to 380 m high and kilometres long
mound ridges at the southwest Rockall Trough (SW RT) margin (Mienis et al., 2006).
Small mounds might represent an early stage in mound development (Wheeler et al.,
2011), while large carbonate mound structures most likely reflect continuous or recur-
ring favourable conditions for mound development in those areas. Some mounds are
found in areas with fluid flow structures, for example at the edges of pockmarks at the
Brazilian margin (Sumida et al., 2004) and near mud volcanoes in the Gulf of Cadiz
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(Pinheiro et al., 2003; Foubert et al., 2008), but active fluid flow from the subsurface
does not seem to be a prerequisite for carbonate mound development.

At the Irish margin carbonate mounds, up to 380 m high and kilometres long
and wide, cluster in carbonate mound provinces, e.g. on both margins of the Rockall
Trough (RT) (Akhmetzhanov et al., 2003; Kenyon et al., 2003; Van Weering et al.,
2003a; Wheeler et al., 2005), on the western Rockall Bank (RB) (Wienberg and Heb-
beln, 2005) and in the Porcupine Seabight (Hovland et al., 1994; Henriet et al., 1998;
De Mol et al., 2002; Huvenne et al., 2002; Huvenne et al., 2003). Mounds in the Porcu-
pine Seabight and along the SW RT margin are often topped by the cold-water corals
Lophelia pertusa and Madrepora oculata and all occur in a confined depth zone, where
they benefit from the increased currents forced by the hydrodynamic regime at the
various mound sites. These strong currents not only enhance the food supply to the
corals but also prevent them from getting buried by sediment (Duineveld et al., 2004;
White et al., 2005; Mienis et al., 2007). Photo and video imaging carried out for this
and related studies show frequent occurrences of lithified sediments along the mound
flanks; the presence of these lithified sediments increases the stability of the vertical
mound build-up (Neumann et al., 1977; Paull et al., 2000; Olu Le-Roy and Shipboard
Scientific Crew, 2002; Van Weering et al., 2003a; Van Weering et al., 2003b; Noé et al.,
2006).

8.1.1 Reef structure

Coral larvae need a suitable hard substratum for settlement. Coral settlement on top
of fossil coral debris was observed at the SW and SE RT margin. Other colonisation
surfaces however, can be shells, stones, exposed lithified sediments, fluid flow relat-
ed substrates or manmade objects (Roberts et al., 2006; Roberts et al., 2009). Coral
colonies increase the seabed surface roughness, retard near bottom water flow and
increase turbulence and small-scale eddies as the flow passes around and through the
framework (Mullins et al., 1981). This results in an increase in sediment accumulation
in and around the coral framework, a process called sediment baffling (Fligel, 2004).
The presence of an open coral framework is essential for the vertical development of
a mound structure as it baffles particles derived from the vertical and lateral flux as
observed in box core and piston core sediments from mound summits. When coral
growth outpaces sedimentation, coral colonies will initially develop in patches, which
is the first essential step in mound building (Wilson, 1979). Such a pattern of living
coral patches alternating with dead coral patches and areas without corals where ero-
sion may occur was observed at the mound summits on the SW RT margin (Chapter 2).
This resulted in an irregular temporal and spatial depositional system on the mounds.

Reef development therefore depends a.o. on the interplay of particle influx and
current speed. When current speeds are too high, corals can build a framework, but no
particles are deposited and no elevated structure will develop. For example, on Galicia
Bank on the northern Iberian margin, coral colonies are present, but the near bottom
current speeds are so high that no particles are deposited and no reef developed (Du-
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ineveld et al., 2004). When currents speeds drop below a certain threshold the particle
influx might become too high, and as a result sediments will cover the framework, the
corals will suffocate and die. Failure of the corals to keep up with sediment supply may
result in the burial of the mound, a common occurrence in the northern Porcupine
Seabight (De Mol et al., 2002; Huvenne et al., 2007) and in the Gulf of Cadiz.

8.1.2 Reef growth rates

The growth rates of individual corallites of the framework building cold-water coral
Lophelia pertusa ranges from 2 to 27 mm yr* (Mikkelsen et al., 1982; Freiwald et al.,
1997; Mortensen and Rapp, 1998; Gass and Roberts, 2011), with colony growth rates
of up to 33 mm yr* (Gass and Roberts, 2006). In the present day setting, these indi-
vidual coral and coral colony growth rates outpace the sedimentation rates at the SW
RT margin mounds by two orders of magnitude (Chapter 2). Sedimentation prefer-
entially occurs in-between the corals on top of the mounds and not on the flanks and
away from the mounds. Higher ?!°Pb activities in sediments in areas covered with coral
framework compared with the lower activity on the flanks and in the off-mound areas
where an open coral framework is absent, confirm this observation (Chapter 2) illus-
trating that the present day conditions at the SW RT margin mounds are favourable
for coral reef development and subsequent mound growth.

Coring of the uppermost mound sequence showed that conditions favourable for
coral reef development have existed continuously at several mound sites in the Holo-
cene for the last ca. 11000 years (Chapters 3 and 7) as revealed by coral ages from the
SW RT margin and the Magellan Mound province and Belgica Mound province in the
Porcupine Seabight (Fig 8.1). At present reef growth is continuous at some mounds
as evidenced by a dense cover of living coral colonies at the tops of mounds at the SW
RT margin and Mound Perserverance (Huvenne et al., 2005), Thérése Mound (Olu
Le-Roy and Shipboard Scientific Crew, 2002; De Mol et al., 2007) and Galway Mound
(Foubert et al., 2005; Eisele et al., 2008) in the Porcupine Seabight. At the SW RT
margin and at mounds from the lower slope of the Porcupine Seabight the resulting
mound growth rates range from 5 to 220 cm kyr? (Chapter 2), rates exceeding 15 cm
kyr® represent active reef growth. Only some minor declines in vertical mound growth
rates occurred in In the Holocene, which represents the most recent phase of coral reef
development at these mounds.

8.1.3 Sediment production and mound development

The Holocene mound deposits at the SW RT margin and on Galway mound consist of
a cold-water coral framework embedded in unlithified fine-grained sediments (Chap-
ters 4 and 7). Component analysis showed that these grains consist of skeletal parts
from benthic fauna and pelagic material settling in between the framework from ver-
tical and lateral transport, like foraminifera and coccoliths. At the Galway mound up
to 70% of the sediments can be terrigenous material. In the Porcupine Seabight the
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Figure 8.1 Compilation of dated cold-water corals at the Irish margin. Data compiled from data in this
thesis and Frank et al. (2005), Eisele et al. (2009); Frank et al. (2011). Marine isotope stages (MIS)
from the Specmap d180 benthic stack (Imbrie 1989, Lisecki 2005).

origin of this off-mound terrigenous fraction in the Holocene and in older intergla-
cial sediments is attributed to the reworking and redeposition of glacial deposits and
from a contribution by contour currents (Van Rooij et al., 2003; Huvenne et al., 2009;
Pirlet et al., 2011). During cold stages terrigenous material was transported to the
Porcupine Seabight by ice rafting and reworked by enhanced bottom currents during
interglacial times (Pirlet et al., 2011). A large fraction of fine-grained terrigenous ma-
terial is conspicuously absent in the SW RT carbonate mound sediments, up to 90%
of the matrix sediment is of a pelagic or benthic origin with a carbonate mineralogy
(Chapter 4). Terrigenous material often occurs as mm-sized clasts in confined cm-
thick layers, this might be the result of winnowing by enhanced bottom currents at
the mound summits, which removed the fine-grained terrigenous material but left the
coarser ice-rafted material. Another explanation is a lower input of fine-grained ter-
rigenous material at the SW RT. A large portion of the fine-grained terrigenous mate-
rial at the Porcupine Seabight originates from the British-Irish Ice-Sheet (Pirlet et al.,
2011). This material might not have reached the SW RT mounds as this mound area is
separated from the British-Irish continental margin by the Rockall Trough.

During the Holocene, the higher sediment influx resulted in average vertical
mound growth rates of 33 cm kyr™ at the Galway mound, compared to 13 cm kyr?
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at the SW RT (Chapter 7). These differences in mound accumulation rates can be ex-
plained by the difference in input of off-mound produced material between both sites,
which is also observed in cores from other mounds at the Irish margin (Dorschel et
al., 2005; Foubert et al., 2007; Ruggeberg et al., 2007; Pirlet et al., 2010). Although at
some mounds in the Porcupine Seabight, recent (<50 years old) and live corals are ab-
sent at the mound summits (Chapter 3), indicating unfavourable conditions for corals
at these mound localities in recent times. For Challenger Mound the vertical mound
growth rate is 7.6 cm kyr* for the period between 6520 and 3233 years ago, signifi-
cantly lower than the Holocene growth rate of the nearby Galway Mound. Thus, high
sediment loads can also lead to mound burial as observed elsewhere in the Porcupine
Seabight (Huvenne et al., 2003)

Studies of carbonate mounds including the present study area and all along the
Irish margin have indicated the presence of repeated phases of reef development
(Chapters 3 and 4) (Dorschel et al., 2007; Kano et al., 2007; Eisele et al., 2008; Foubert
and Henriet, 2009). Piston cores from the SW RT margins display an alternation of
coral debris embedded in an unlithified carbonate rich matrix with lithified intervals,
often separated by hiatuses (Chapter 5). Hiatuses are also present at Galway Mound,
however, cemented sections are absent and the entire core consists of coral debris
embedded in an unlithified matrix rich in terrigenous material (Chapter 7).

Existing mound models all emphasise the absence of corals at the mound dur-
ing glacial periods (Dorschel et al., 2005; Roberts et al., 2006; Ruggeberg et al., 2007;
Eisele et al., 2008; Kano et al., 2010). A compilation of dated corals from the studied
mounds and other mounds with a live coral cover (Frank et al., 2005; Frank et al., ac-
cepted) indeed confirms the absence of cold-water corals during glacial periods (Fig.
8.1). This is attributed to a decrease in current speed, probably due to an unstratified
water column (Thornalley et al., 2010) and the associated deposition of fine-grained
glacial and IRD deposits. Furthermore, cooler surface and sub-surface water dur-
ing glacial periods, as demonstrated for the Last Glacial Maximum (Waelbroeck et
al., 2009), resulted in reduced surface water productivity and thus food supply to the
corals. This decrease in food supply due to a lower primary productivity and reduced
transport to the mounds, in combination with the continuing burial of corals may
have resulted in reduced coral growth and may have put a stop on coral reproduction.
Another possibility could be erosion of the top of mounds by scouring iceberg and
consequently removal of the coral fauna. Iceberg plough marks are found in mound
areas (Belderson et al., 1973; Wheeler et al., 2007; Thierens et al., 2010), however such
a massive erosive event would leave a lateral extensive, traceable, erosive surface in
the mound record, which would be observed on seismic profiles and could result in re-
deposited sediments with coral fragments at the base of the mound However, no such
observations have been made.

The fine-grained sediments, deposited during glacial times with reduced bottom
current speeds, might have become partially eroded during deglaciations leaving no
trace in the sediment record and resulting in the observed hiatuses. At the SW RT
margin mounds, the uppermost hiatus in the cores occurs at the top of a lithified in-
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terval (Chapter 5), indicating probably that mound erosion has halted or was reduced
when this lithified part became exposed at the seabed. The Galway mound contains no
lithified intervals, but does contain significant hiatuses between episodes of coral reef
development. The pathways and diagenetic processes leading to lithification of mound
sediments, the timing of their formation in relation to climatic cycles and the impact
of diagenesis on mound evolution are considered in the next paragraph.

8.2 Pathways of diagenesis in mound sediments

8.2.1 Modes of diagenesis in cold-water coral mounds

Lithified carbonate mound sediments at the Irish margin are either exposed along
erosive mound flanks (Van Weering et al., 2003a; Van Weering et al., 2003b; Noé et al.,
2006) giving a locally terraced appearance to the mounds (Wheeler et al., 2007) or are
found embedded in the mound sediments (Pirlet et al., 2010; Frank et al., 2010; Chap-
ters 4 to 6). Research on currently exposed lithified carbonate sediments has been
conducted by Noe et al. (2006). They observed that the lithified sediments consisted
of coral free fine-grained pelagic ooze and concluded that their cementation was con-
trolled by physicochemical processes driven by ionic diffusion maintained by a satura-
tion gradient between seawater and interstitial fluids (Allouc, 1990). This carbonate
ion diffusion was enhanced by high bottom current speeds supporting an effective
pumping mechanism. Sea water can be a source of the carbonate ions needed for ce-
mentation when it is pumped through the pores in the sediment.

In the lithified intervals of the SW RT margin, pristine aragonitic corals are absent
and coccoliths are overgrown by calcitic cements (Chapter 5). Up to 90% of the sedi-
ments are carbonates, which primarily consist of a mixture of mainly aragonite and
low-Mg calcite minerals, with some high-Mg calcite. In unlithified sediments aragonite
(from corals) is the main component, while lithified sediments contain mainly low-Mg
calcite (Fig. 8.2). Aragonite in the form of coral skeletons was originally present in
the lithified intervals as revealed by coral shaped moulds and imprints. We observe
dissolution of the most-soluble aragonite phase, accompanied by precipitation of less-
soluble low-Mg calcite cements on coccoliths, this cementation lithifies the sediment.

The driving force for aragonite dissolution and subsequent low-Mg precipitation
is the degree of undersaturation or oversaturation of the interstitial pore fluids with
respect to each carbonate component (Tribble, 1993; Ku et al., 1999; Morse et al.,
2007). Organic matter degradation in the uppermost sediments can lower the carbon-
ate saturation state of the pore waters leading to dissolution of carbonates. To change
the saturation state, the carbonate system needs to be (partly) closed, so the perme-
ability of the pore system is an important factor (Melim et al., 2002; Sanders, 2003).
In a carbonate system with a mixture of high-Mg calcite, aragonite and low-Mg calcite,
the different solubility of the minerals causes dissolution of the most soluble mineral
first (Lohmann, 1988; James and Choquette, 1990), mainly aragonite provided by cor-
als in this case. In a (partial) closed pore water system (Melim et al., 2002; Sanders,
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Figure 8.2 (A) Components of unlithified sediments of core M2003-23. Percentages are an average of
11 samples from the uppermost unlithified interval. Other components with a minor contribution to
the sediment include sponge needles, echinodermata, brachiopods and gastropods. (B) Components
in the lithified sediments of core M2003-23. Note the near absence of coralline material in lithified
material and the reduction in porosity between the two types of sediments. A and B are scaled in
proportion to illustrate this porosity reduction. (C) Mineralogy of uppermost unlithified interval of
core M2003-23. The high percentage of carbonates with aragonite mineralogy is mainly due the high
amount of corals. The group -detrital grains- contains detrital carbonates and detrital silica with vari-
ous mineral compositions which are not further specified. (D) Mineralogy of the lithified sediments of
core M2003-23. Note the trend towards low-magnesium mineralogy in lithified material compared to
unlithified (coral dominated) material.

2003) this is followed by oversaturation with respect to the less-soluble phase (low-Mg
calcite) and, ultimately, its precipitation as a secondary phase (cement). The low-Mg
calcite coccoliths provide excellent nucleation surfaces for the calcite cements, absence
of such nucleation sites can retard cementation. Because of the absence of significant
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secondary calcite cements in Challenger Mound, Frank et al. (2010) to suggested that
oversaturation with respect to calcite was not achieved there. Another explanation for
this observation could be that fine grained terrigenous material in this mound covered
the coccolith surfaces, thus restricting the amount of available nucleation sites.

The presence of carbonate minerals with a different solubility in combination with
a semi-closed pore water system due to the fine-grained nature of the matrix sedi-
ments has led to the lithification of certain intervals in the carbonate mounds. In a
more open pore water system, for example such as found in the Holocene cold-water
shelf carbonates on the Australian shelf, only dissolution of (aragonitic) molluscs and
bryoza occurs (James et al., 2005) as the dissolution products are recycled to the over-
lying sea water and not precipitated in situ. This sea floor diagenesis of aragonite could
also have occurred in carbonate mound sediments of the SW RT, but the observed cor-
al shaped moulds in a lithified matrix suggest that at least some aragonite dissolution
was synchronous with or post-dated lithification. In fine-grained deep sea sediments
consisting entirely of low-Mg calcite coccoliths cementation leading to lithification is
usually not observed until the sediments are deeply buried (Schlanger and Douglas,
1974; Borre and Fabricius, 1998).

Pre-Holocene sediments from Galway mound do not contain lithified sediments.
Aragonite corals however, are preserved in the entire core. Here, mound matrix sedi-
ments contain a high amount of fine grained terrigenous material (Chapter 7) In the
sediments from Galway mound the presence of reactive iron, from off-mound derived
siliciclastic material probably hinders the lowering of the carbonate saturation state
by buffering the solution, thus preserving aragonitic corals. A similar process was
observed in coral bearing sediments from the Norwegian margin (Wehrmann et al.,
2009).

Several pathways of diagenesis, eventually leading to lithification, exist for carbon-
ate mound sediments at the Irish margin. After burial, organic matter oxidation in the
uppermost centimetres can drive the dissolution of aragonite corals. This resulted in
over saturation for low-Mg calcite in the SW RT margin mound sediments, resulting
in calcite cement precipitation that lithified the sediments. However, at the Challenger
Mound, this state of over saturation was not reached, leading to the observed pattern
of (partly) dissolved aragonite corals and absence of lithification (Frank et al., 2010).
Another import process is that reductive iron oxide dissolution can buffer the pore-
water carbonate system, inhibiting the acid-driven coral skeleton dissolution (Weh-
rmann et al., 2009) and thus resulting in well preserved corals as found in the Galway
Mound sequence. In summary, initial subsurface lithification of carbonate mound
sediments appears to be controlled by the primary mixed mineralogical composition
of the sediment and the presence of fine-grained matrix sediments and is favoured by
input and presence of a low content of terrigenous material.

This suggested concept of subsurface lithification in a semi-closed pore water sys-
tem differs from existing theories on hardground formation in carbonate mounds.
Earlier work suggested a link between methane seepage and carbonate mound loca-
tions (Hovland et al., 1998). Anaerobic oxidation of methane by microbes (Boetius
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et al., 2000; Stadnitskaia, 2007) promotes carbonate precipitation and can result in
carbonate formation of carbonate crusts or chimneys, a process called authigenic car-
bonate formation. However, a flux of methane through the sediment would have re-
sulted in the formation of pyrite and the associated lithified carbonate would typically
display a negative 8'°C signature (Raiswell, 1988), neither of which are observed in
lithified carbonates of the SW RT margin (Chapter 6). Authigenic carbonate formation
does occur in cold-water coral mounds in the Gulf of Cadiz (Pinheiro et al., 2003; Van
Rensbergen et al., 2005; Foubert et al., 2008) and in the Gulf of Mexico (Sulak et al.,
2008) and may provide the link between methane seeps and the mound system but is
clearly not an important process in the formation Irish margin mounds.

Noe et al. (2006) attributed cementation and subsequent lithification to carbonate
ions from the sea water pumped through the sediment pores. The driving mechanism
of the ion supply into the sediments is a diffusion process maintained by a satura-
tion gradient between sea water and interstitial water (Allouc, 1990) that is enhanced
by vigorous bottom currents. This cementation process would be favoured by a high
permeability and low contents of phosphate and dissolved organic carbon in the sedi-
ments as these may act as inhibitors of crystal growth. However, in order to achieve
the porosity reduction of 26%, observed in lithified layers from the SW RT (Chapter
5, Fig. 8.2), from waters with 200% saturation with respect to calcite ca. 1 x 10° vol-
umes of water must pass through each bulk volume of rock (Enos and Sawatsky, 1981).
We suggest that the precursor sediments for these exposed lithified carbonates are
not unlithified fine-grained coral free sediments, but rather the already lithified sedi-
ments. Later erosional processes might expose the lithified sediments at the summit,
or more likely, along the flanks of carbonate mounds. The lower permeability of the
already lithified sediments promotes continuing lithification by exposure to sea wa-
ter. It is suggested that the formation of lithified sediments, found exposed along the
flanks of carbonate mounds (Neumann et al., 1977; Paull et al., 2000; Olu Le-Roy and
Shipboard Scientific Crew, 2002; Noé et al., 2006) is a two stage process, initial lithifi-
cation in the subsurface followed by exposure to the sea water and a second phase of
lithification.

8.2.2 Timing of diagenesis in cold-water coral mounds

Sediments below lithified intervals are enriched in iron and manganese (Chapter 6)
and depleted in magnetite. These diagenetic enrichments might mark a stable posi-
tion of the Fe(I)/Fe(III) redox transition zone (Thomson et al., 1996; Thomson et al.,
1998). Above this zone of iron and manganese enrichment rapid oxidation of organic
matter under oxic conditions occurs (Funk et al., 2003a; Kasten et al., 2003), which
in the carbonate mound sediments leads to the dissolution of aragonite in the inter-
val and ultimately to the lithification of the interval just above these enrichments.
The preservation of such a redox sequence or front implies a significant adjustment
of at least one of the depositional or geochemical parameters that influence the bal-
ance of the sediment/pore water system. Otherwise due to the continuous shift of
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redox zones a redox imprint cannot develop. For carbonate mound sediments a lower
sedimentation rate, a decrease in organic carbon burial rate or a surplus in the supply
of oxidants are the most likely depositional and geochemical parameters to promote
extension and preservation of redox zones (Chapter 6).

As demonstrated for the Holocene coral reef growth stage (Chapter 3) periods of
lower sedimentation rates are related to periods with a lower density in coral cover at
the mounds. At the SW RT reduced bottom currents due to a non-stratified water col-
umn (Manighetti and McCave, 1995; Thornalley et al., 2010) and related input of fine
sediment, likely resulted in unfavourable conditions for corals during glacial periods.
The absence of a coral cover would lead to a significant drop in mound sedimentation
rate, the subsequent extension of the redox front and the observed preservation of a
redox front, with a lithification interval underlain by Fe-Mn enrichment sediments.
This lithification started in coral bearing sediments, originally deposited during inter-
glacial periods, but takes place during times of lower accumulation rates, probably at
the start of a glacial period. Furthermore, the lithification associated with the forma-
tion of these redox fronts pre-dates erosional processes since the upper boundary of
lithified intervals displays signs of erosion and often lag deposits are found on their
top (Chapters 3 and 4). These layers of coarse lag sediments probably mark the rees-
tablishment of interglacial current condition, with enhanced bottom currents eroding
the fine-grained glacial sediments (Dorschel et al., 2005). This early interglacial ero-
sion of mound sediments terminated or ceased on the lithified layers formed at the
start of the preceding glacial period. This indicates that the lithification process must
be a process that commences rapidly at the start of glacial periods.

Rapid submarine lithification of deep sea carbonate sediments has also been ob-
served in sediments from deeper tropical platform environments (Schlager and James,
1978; Grammer et al., 1993; Grammer et al., 1999). Schlager et al. (1978) observed a
trend of replacing the metastable carbonate minerals by stable low-Mg calcite through
aragonite dissolution in the shallow subsurface near the sea-floor, comparable to pro-
cesses recognised in cold-water coral carbonate mound sediments. The rapid growth of
syndepositional marine aragonite cement in slope deposits at the Bahamas and Belize
(Grammer et al.,, 1993; Grammer et al., 1999) is caused by the flushing of the CaCO,
supersaturated waters trough highly permeable aragonite ooid deposits. The aragonite
ooids provide a suitable substrate for the aragonite cements. Aragonite cements are
not observed in carbonate mound sediments, but cementation by carbonate ions from
the sea water pumped through the sediment pores does occur (Noé et al., 2006). The
rapid occlusion of primary porosity and the corresponding permeability reduction (if
pervasive enough) leads to the formation of low-permeability (i.e., flow barrier) hori-
zons (Grammer et al., 1999) that could affect subsequent diagenetic modifications due
to decreased rates of fluid flow through the sediment.

8.2.2 Impact of diagenesis on cold-water coral mounds

Diagenetic processes leading to lithification of carbonate mound sediments take place

164



Synthesis

in the shallow subsurface and are probably initiated by a drop in sedimentation rate
related to the absence of a coral cover at the start of glacial periods. Lithification is
promoted by low contents of reactive iron derived from terrigenous material; also
lithification might be less intense or absent when dissolution products are removed
from the pore waters. The higher amount of reactive iron and retarded cementation
at mounds in the Porcupine Seabight resulted in a lower amount of lithified intervals
here compared to the SW RT margin mounds. Presently, the SW RT mounds display
steeper slopes and are generally higher than those mounds in the Porcupine Seabight.
Apparently one might argue that lithified intervals are essential in mound build up by
stabilising the mound flanks and providing suitable colonisation surfaces. However,
due to the lack of longer cores at the SW RT, it remains unknown if more lithified in-
tervals occur deeper in the mound sequence and therefore if lithification is significant
to long term mound build up. Moreover, several phases of coral recolonisation can be
traced across the mounds at the Irish margin, independent of the occurrence of lith-
ified intervals in these mounds (Sakai et al., 2009; Frank et al., accepted).

The proposed model of early-glacial lithification of coral bearing mound sediments
followed by exposure of these lithified sediments and recolonisation by corals at the
start of interglacial periods might be unique to the carbonate rich sediments of the SW
RT margin. As carbonate mounds lacking subsurface lithification also display several
phases of mound growth, the occurrence of lithified intervals does not seem to be vi-
tal for the establishment of a new mound growth phase. However, lithification might
reduce mound erosion leading to higher and steeply flanked mounds.

8.3 OUTLOOK

The SW RT margin cores contain several cm-thick layers with a high concentration of
non-carbonate lithoclasts (Chapter 4 and 5). Some of these layers are found directly
on top of lithified layers and are probably lag deposits. These lithoclasts were likely
transported to the mounds by one or more iceberg discharge events. By investigating
the nature of the individual clasts it should be possible to pinpoint their source and
determine if the lithoclast rich layers are related to one or multiple iceberg discharge
events. As the timing of some of these iceberg discharge events are known (Heinrich,
1988) this could further support the suggestion that lithification occurs at the start
of glacial periods.

The carbonate saturation state of the pore-waters plays an important role in the
diagenetic modification of the sediment (Chapters 5 and 6). Until now, research into
the pore-water composition of carbonate mound sediments has focussed on the up-
permost layers of Norwegian Holocene reefs, on the deeper sediments from Chal-
lenger Mound (Wehrmann et al., 2009; Frank et al., 2010) and on sediments from the
Gulf of Cadiz, influenced by methane seepage (Maignien et al., 2010; Van Rooijj et al.,
2011). Opposed to the SW RT mounds, the sediments at the aforementioned locations
contain a large fraction of terrigenous material, which influences the carbonate satu-
ration state of the sediments (Chapter 7). It would be interesting to investigate pore-
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water profiles from the carbonate-rich mound sediments from the SW RT to link their
present day pore-water composition to the diagenetic processes observed in the past.
This would provide new insights into the biochemical processes and coupling between
microbial-mediated organic matter degradation and carbonate mineral diagenesis in
carbonate-rich sediments.

Due to the limited amount of coring, the spatial extension of lithified intervals in
the subsurface of the mound at the SW RT margin is unknown. Their vertical recur-
rence and lateral extent can only be resolved by studies of longer cores and ideally, a
transect of cores across a mound. As the uppermost lithified interval can be traced
across several mounds (Chapter 5), it is evident that lithified layers are not a local
phenomenon, and that lateral extent might be traced in the subsurface of the mounds.
The spatial relations of these lateral, time equivalent, layers and for example if and
where they are outcropping along mound flanks can provide clues on the sedimenta-
tion dynamics on and around mounds.

Comparing recent carbonate mounds to fossil carbonate mound type structures
from the geological record can provide new insights in both systems. Outcrop based
investigating into fossil mounds provides high-resolution data on the lateral continu-
ity of layers, a feature which is lacking from seismic lines and limited coring of recent
mounds. Vice versa, the well constrained environmental parameters (water depth,
current velocity, nutrient availability) of recent carbonate mounds and its link to the
recent geological record can aid to reconstruct paleo environments from fossil mound
sites. For example, the small cold water coral reefs from the Danian in south Scandi-
navia (Bernecker and Weidlich, 2005; Bjerager et al., 2010) display strong similarities
with the recent carbonate mounds of the Irish margin. They formed on a paleo high,
where framework building cold water corals benefitted from high nutrient availability
and high near bottom current velocities, which prevented the corals from getting bur-
ied. These environmental parameters were inferred from the data on recent carbon-
ate mounds (Bjerager et al., 2010). Outcrop seismic analyses revealed the fossil reefs
were growing towards the prevailing bottom currents rich in particulate nutrients;
a similar growth pattern is expected for recent carbonate mounds, but has not been
investigated until now. The fossil reef sediments display syndepositional early diagen-
esis with partly dissolved aragonite corals, which creates mouldic porosity, filled in
with geopetal sediments. Aragonite dissolution and matrix cementation was synchro-
nous, similar to diagenetic processes in lithified intervals from the SW RT margin.
This observation highlights that synsedimentary aragonite dissolution and associated
early lithification of cold-water coral mound sediments is not restricted to the recent
mounds of the SW RT and might have been an important early diagenetic process in
fossil carbonate mounds as well.
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