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Research Highlights

In order to understand the processes that control the occurrence of cold-water corals
like Lophelia pertusa along the NE Atlantic margin and predict the response of these
vulnerable ecosystems to climate change and other anthropogenic impacts, this study
has investigated several provinces of small extinct cold-water coral “mini-mounds” on the
shelf-break and upper slopes of the Bay of Biscay.

• The fossil mini-mounds occur outside of the depth range where modern hydrody-
namic conditions and sedimentary processes are optimal for coral growth. This
suggests the demise of the mini-mounds resulted from palaeoceanographic changes.
Alternatively, modern coral growth may also be absent as a result of trawl fishing.

• The pockmarks on the outer Ortegal Spur (NW Iberian margin) provided preferen-
tial colonisation surfaces for cold-water coral mini-mound initiation.

• U/Th-dated L. pertusa samples suggest the Bay of Biscay mini-mounds predomi-
nantly developed during the early to mid-Holocene. The apparent mid-Holocene
coral disappearance is followed by a recolonisation of the mini-mounds in the late
Holocene.

• Sub-millennial scale fluctuations in εNd, bottom water temperature and ∆14C, mea-
sured on L. pertusa samples from the Celtic margin, represent episodes of intensified
canyon-driven upwelling during the early to mid-Holocene. The upwelling may be
related to changes in the slope current direction under persistent positive North
Atlantic Oscillation atmospheric forcing.

• The mid-Holocene occurrence of a 14C depleted water mass with an unradiogenic
εNd signature has no equivalent within the modern Atlantic Ocean. This study pro-
poses the hypothesis that the mid-Holocene increase in Nordic Sea convection depth
flushed the remnants of an extremely 14C depleted abyssal Arctic Ocean reservoir
and propagated its depleted signal throughout the mid-depth North Atlantic.

• Sub-millennial scale variability in the temporal distribution of dated L. pertusa sam-
ples suggests an important control of the North Atlantic Oscillation on coral growth
along the Celtic and Armorican margins. This may be attributed to the impact
of the North Atlantic Oscillation on surface primary productivity and thermocline
structure in the Bay of Biscay.

• L. pertusa samples from the last 400 years (up to 1924±18 AD) indicate that
pre-industrial environmental conditions on the Celtic and Armorican margin mini-
mound provinces were able to sustain coral growth. This suggests that the present-
day absence of living coral may be attributed to habitat destruction by trawl fishing.
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5.1 (A) Bathymetry map of the North Atlantic with location of cold-water
coral samples (filled symbols; this study; Schröder-Ritzrau et al. 2003,
Frank et al. 2005, Colin et al. 2010) and εNd seawater stations (open sym-
bols; Rickli et al. 2009, Copard et al. 2011, Dubois-Dauphin et al. 2017a).
Grey dots represent locations of relevant records: VM29-191 (Bond et al.
2001); Bu2/Bu4 and GP2 (Wassenburg et al. 2016). The black box in-
dicates the spatial extent of hydrographic stations (WOD13; Boyer et al.
2013) used in B and C. Arrows represent a schematic diagram of the main
circulation of deep (dashed lines) and mid-depth and surface (full lines)
water masses modified from Schmitz & Mccartney (1993), Iorga & Lozier
(1999a), Lherminier et al. (2010), Sarafanov et al. (2012) and García-
Ibáñez et al. (2015). Water masses and currents are STG: Sub Tropical
Gyre, WNACW: Western North Atlantic Central Water, NAC North
Atlantic Current, stENACW: subtropical Eastern North Atlantic Cen-
tral Water, spENACW: subpolar Eastern North Atlantic Central Water,
SC: European Slope Current, SPG: SubPolar Gyre, MNAW: Modified
North Atlantic Water, IC: Irminger Current, EGC: East Greenland Cur-
rent, WGC: West Greenaldn Current, SAIW: Sub-Arctic Intermediate
Water, wLDW: western Lower Deep Water, eLDW: eastern Lower Deep
Water, eAAIW: eastern Antarctic Intermediate Water, MSW: Mediter-
ranean Sea Water, ISOW: Iceland-Scotland Overflow Water, DSOW:
Denmark Strait Overflow Water, LSW: Labrador Sea Water and NADW:
North Atlantic Deep Water. The bathymetry map was created using the
marmap R package (Pante & Simon-Bouhet 2013) with bathymetry data
from Amante & Eakins (2009). (B) θ − S plot of hydrographic data col-
lected between 1972 and 2014 within the northern Bay of Biscay (see black
box in A). The grey lines indicate equal potential density σθ. Water mass
distribution is approximated by performing θ − S mixing triangle calcu-
lations based on idealised single point end-members defined as the lower
end point of stENACW: [12.2,35.62] (Pollard et al. 1996), lower end point
of spENACW [8.56,35.23] (Pollard et al. 1996), MSW core near Cape
St-Vincent [12.01,36.5] (van Aken 2000a), LSW in the western Porcupine
Abyssal Plain [3.428,34.89] (van Aken 2000a), ISOW in the Icelandic Basin
[2.227,34.975] (van Aken 2000a) and LDW above the Madeire Abyssal
Plain [1.984,34.889] (van Aken 2000a). The θ − S plot was made using
the oce R package (Dan & Clark 2017). (C) Depth profile of water mass
end-member proportions (color shaded regions indicate 95% confidence en-
velopes, colors are the same as in A and B) and of seawater εNd (black
symbols and lines). Stations ANT XXIII are from Rickli et al. (2009),
CAROLS are from Copard et al. (2011) and ICE is from Dubois-Dauphin
et al. (2017a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2 Photograph, CT scan and Age-depth plot of core 48010-201VE (A) and
48010-206VE (B). The red line is a Local Polynomial Regression (LOESS)
fit whose slope approximates the vertical mound growth rate. . . . . . . 101
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5.3 Diagnostic scatterplots of (A) Nd/Ca vs. 232Th and Mn/Ca, (B) εNd vs.
232Th and Mn/Ca and (C) ∆14C vs. 232Th and δ234Uinitial. Linear regres-
sion lines (red) with a 95% confidence interval (shaded area) are drawn.
The p-values indicate if the slope of the regression line is significantly
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5.4 (A) εNd records collected on CWC from the Celtic margin at 272 m water
depth (this study) and in the Rockall Trough at 747 m water depth (Colin
et al. 2010). (B) Bottom water temperature (BWT ) record collected on
CWC’s from the Celtic margin. (C) ∆14Csw records collected on CWC
from the Celtic margin (this study) and from the Porcupine Seabight at
686 m water depth (Schröder-Ritzrau et al. 2003) and at 610 m water
depth (Frank et al. 2005). The ellipses represent the 2σ uncertainty in
the ∆14Csw-calendar Age space. (D) Icelandic Glass record from core
VM29-191 in the Rockall Trough (Bond et al. 2001). (E) Speleothem
rainfall records from NW Morocco (δ18O in Grotte de Piste: GP2) and
NW Germany (Mg/Ca in Bunker Cave: Bu2 and Bu4) after Wassenburg
et al. (2016). The negative correlation between these records suggests
they reflect latitudinal shifts in the westerlies and Atlantic storm tracks
modulated by the North Atlantic Oscillation (e.g. Hurrell 1995, Trouet et
al. 2009, Donat et al. 2010, Wassenburg et al. 2016). Vertical grey bars
indicate episodes of persistent positive NAO (Wassenburg et al. 2016)
coeval to epsiodes of upwelling along the Celtic margin as indicated by
decreases in ∆14Csw and BWT and shifts in εNd. Locations of the different
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5.6 ∆∆14Csw−atm vs. εNd cross-plot of modern εNd seawater stations within
the Bay of Biscay and Porcupine Seabight (colored shapes; Fig. 5.1 A;
Rickli et al. 2009, Copard et al. 2011, Dubois-Dauphin et al. 2017a)
and throughout the Atlantic (colored dots; compiled by: van de Flierdt
et al. 2016, Dubois-Dauphin et al. 2017a) and of early to mid-Holocene
cold-water corals on the Celtic margin (blue filled circles; this study). The
∆∆14Csw−atm of the seawater stations was derived from the natural ∆14Csw

estimate and associated uncertainty in the closest GLODAP v1.1 grid
point (Key et al. 2004) assuming a modern natural atmospheric ∆14Catm

= 0 ‰. Dark-lightblue shading of the CWC samples indicates the calendar
age (ka BP) of the sample and the color of the seawater stations indicates
the water depth (Note the logaritmic color scale). The errorbars represent
the 2σ uncertainty. Solid ovals indicate the modern Atlantic water mass
end-members. The end-member εNd values and [Nd] concentrations of
ISOW, DSOW, LSW, NADW, AABW, AAIW and MOW are as defined by
van de Flierdt et al. (2016) and the spENACW and stENACW are based
on Rickli et al. (2009), Copard et al. (2011) and Dubois-Dauphin et al.
(2017a). The ∆∆14Csw−atm and natural [CO2] concentrations of the end-
members are derived from GLODAP v1.1 (Key et al. 2004) as described
above. Solid lines are stable conservative mixing-lines (Phillips & Koch
2002) between the LSW, ISOW and AABW end-members which estimate
the outer bounds of the modern mixing region in the Atlantic Ocean. In
order to account for radiocarbon decay during advection, the lower mixing
lines have been decayed by 400 years (Gebbie & Huybers 2012, Khatiwala
et al. 2012). The dashed ovals represent potential end-member changes
in the early to mid-Holocene. The AAIW end-member change in εNd

are based on Howe et al. (2016b) (Fig. 5.8) and in ∆∆14Csw−atm are
based on records from Sortor & Lund (2011), Burke & Robinson (2012)
and Lund et al. (2015) (Fig. 5.7). The AABW end-member changes in
∆∆14Csw−atm are based on the record from Skinner et al. (2010) (Fig.
5.7). The potential εNd shift in the LSW end-member is based on Roberts
et al. (2010) (Fig. 5.8). The hypothetical ∆14C depleted NADW is
based on the properties of a water mass recognised in CWC’s from the
New England Seamounts at the end of Heinrich Stadial 1 (HS1; Wilson
et al. 2014). The dotted line denotes a lower bound on the early to mid-
Holocene mixing line considering the end-member shifts in AABW and
LSW under the assumption of modern-like [Nd] and [CO2] concentrations
and Atlantic circulation times (i.e. decaying the ∆∆14Csw−atm of the lower
bound mixing line by 400 years). The dashed line is a hypothetical mixing
line with an extremely ∆14C depleted ISOW end-member similar to last
deglaciation ISOW (Thornalley et al. 2011, 2015). . . . . . . . . . . . . . 115

5.7 Compilation of Atlantic ∆∆14Csw−atm records in the early to mid-Holocene.
∆∆14Csw−atm were calculated using a Monte Carlo simulation based on
joined calendar and radiocarbon data compiled by Zhao et al. (2018) and
extended with data from Frank et al. (2005). The ellipses represent the
2σ uncertainty in the ∆∆14Csw−atm-calendar age space and lines connect
measurements from a single record. Note the logaritmic color depth scale. 117
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5.8 Compilation of Atlantic εNd records from uncleaned/cleaned foraminifera,
cold-water corals and fish debris in the early to mid-Holocene based on
the compilation by Tachikawa et al. (2017) and extended with Howe et
al. (2016b). The errorbars represent the 2σ uncertainty in εNd and lines
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6.1 (A) Bathymetry map of the Bay of Biscay continental margins with re-
ported occurences of framework building cold-water corals (CWC) Lophe-
lia pertusa and Madrepora oculata after Freiwald et al. (2017). The contour
lines are drawn at intervals of 1000 m water depth. The inset shows the
location of the Bay of Biscay on the globe. The black boxes indicate the
location of the areas (depicted in B, C, D) where dated L. pertusa sam-
ples were collected. (B) Detailed bathymetry map of the Explorer and
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vibrocores. (C) Detailed bathymetry map of the Guilvinec Canyon along
the Armorican Margin with locations of sampled boxcores and ROV dive
grab samples. (D) Detailed bathymetry map of the Ferrol Canyon along
the NW Iberian Margin with location of the sample collected during an
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6.3 Age distribution of U-Th dated L. pertusa samples derived from the upper
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6.5 North Atlantic Oscillation (NAO) teleconnection patterns revealed by the
pearson correlation between the PC-based December-to-March NAO in-
dex (Hurrell et al. 2003) and the ERA-Interim reanalysis December-March
monthly means of surface (2 m) air temperature (A) and the total precipi-
tation (B) from 1980 to 2018 (Dee et al. 2011). The contour line indicates
the areas of 95% significance in the correlation. The symbols indicate the
locations of the dated L. pertusa samples and the NAO-sensitive proxy
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6.6 (A) Age distribution of U-Th dated L. pertusa samples as in Fig. 6.3.
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ored by area (Armorican, Celtic and NW Iberian margin). (B) Speleothem
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Grotte de Piste: GP2; Fig. 6.5) and W Germany (Mg/Ca in Bunker
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the fishing activity of european trawl fishing vessels (> 15 m) between
September 2014 and September 2015, mapped as the number of Automatic
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Summary

Cold-Water Corals (CWC) are filter-feeding heterotrophic cnidarians that dwell in rel-
atively cold and deep marine environments and support rich ecosystems. They exhibit
a global distribution but have been particularly well-studied in the NE Atlantic Ocean
where framework building species like Lophelia pertusa have constructed impressive CWC
“mounds” at a wide range of spatial scales. Historically, CWC mounds were believed to
rely on primary productivity associated with seafloor hydrocarbon seepage as early dis-
coveries by oil and gas exploration companies often found them near seepage related
structures like pockmarks. However, isotopic evidence has since revealed that CWC pri-
marily feed on surface derived phyto-detritus and zooplankton. In the NE Atlantic region,
the CWC mounds appear to cluster in mound provinces which are predominantly located
below the winter mixed layer, at the depth of the permanent thermocline (500-1000 m).
The strong vertical density gradient (pycnocline) at this depth interval amplifies the bot-
tom currents generated by the interaction of oceanic motions (e.g. tides and currents)
with the steep continental slopes. This hydrodynamic regime benefits the CWC mounds
by increasing the surface derived organic matter flux to the coral polyps. As this bottom
current regime also influences sedimentary processes, CWC mounds are often associated
with characteristic sedimentary bedforms and contourite drifts. The global distribution,
the good preservation potential and the ability to derive radiometric ages and geochem-
ical proxies from the aragonite skeleton of reef-forming CWC, makes them a promising
palaeo-environmental archive for studying climate-driven changes in the ocean dynamics.

On the Bay of Biscay shelf-break and upper slope, several provinces of small (1-5 m high
and 50-250 m in diameter) CWC “mini-mounds” have been discovered. These mound
provinces appear to lack modern coral growth and occur at relatively shallow (250-500 m)
depths above the contemporary permanent thermocline. Their position on the shelf-break
and upper slope also puts them at risk of destruction by trawl fishing. These enigmatic
fossil mini-mounds thus offer great potential to investigate the influence of both climate-
driven changes in ocean dynamics as well as anthropogenic impact on the initiation,
development and demise of CWC mounds. Furthermore, a newly discovered mini-mound
province on the NW Iberian margin occurs in close proximity of a pockmark field which
allows to shed more light on the controversial connection between CWC mounds and
hydrocarbon seepage processes.

A combination of geophysical (multibeam bathymetry, backscatter and seismic reflection
profiling), oceanographic (CTD) and video data were used to investigate the geomor-
phological features and oceanographic processes in and around the mini-mound province
located on the outer Ortegal Spur and around the Ferrol Canyon head (NW Iberian
margin). The Ferrol Canyon head is characterised by erosional (erosional and abraded
surfaces, contourite channels and furrows), depositional (contourite drifts and sediment

xxxi



xxxii SUMMARY

waves) and mixed (contourite terrace) sedimentary features, indicating a dominant con-
trol of bottom currents on the sedimentary processes. The bottom currents are related to
the interaction of the canyon head topography with both the Mediterranean Sea Water
(MSW) contour current and with M2 internal tides associated to the pycnocline at the
interface between the Eastern North Atlantic Central Water (ENACW) and the MSW.
Using a semi-automated mapping approach, over 171 mini-mounds with a diameter of
60-190 m and a mound height of 1.5-3.1 m were mapped on the Ortegal spur contourite
terrace at 400-560 m depth. Preliminary video observations indicate that the mounded
features are associated with CWC (mainly L. pertusa) rubble fields, identifying them as
fossil CWC mounds. These mounds predominantly occur above the ENACW-MSW in-
terface and the associated erosional bottom current regime. As this regime is thought to
favour CWC growth, the existence of the mini-mounds suggests this interface may have
been up to 200 m shallower in the past. This hypothesis is corroborated by the presence
of the Ortegal Spur contourite terrace, a sedimentary feature often associated with water
mass interfaces.

Using semi-automated mapping and multivariate morphometric analysis (PCA and
PERMANOVA), a significant morphological difference was found between a group
of relatively large and scattered mini-mounds, adjacent to the Ortegal Spur pock-
mark field, and a group of smaller, clustered mounds on the other side of the Ferrol
Canyon head. In contrast, no significant morphological difference, other than eleva-
tion(mounds)/depression(pockmarks), exists between the adjacent mini-mounds and
pockmarks. This suggests that pre-existing pockmarks may have been colonised by
CWC as methane-derived authigenic carbonate cementation, often associated with these
seepage features, offered a preferential firm settling ground to coral larvae. Seismic facies
signatures indicative of fluid flow occur below both the pockmarks and some of these
mini-mounds supporting this hypothesis. The smaller, clustered mounds are similar in
morphology to CWC mini-mounds in other provinces where seafloor seepage is absent
and may have resulted from CWC colonization of smaller firm features like dropstones.

The timeframe of CWC mini-mound development on the Bay of Biscay shelf-edge and
upper slope was determined by U/Th dating of L. pertusa samples. The most complete
record was recovered from the Celtic margin where an entire mound sequence was sampled
(30 samples) in addition to 7 samples collected from core tops distributed throughout
the mini-mound province. The 5 existing L. pertusa ages from seabed samples on the
Armorican margin mini-mounds were supplemented with 7 additional ages. From the
NW Iberian margin, only 3 polyps from a single L. pertusa coral branch were dated. The
main phase of CWC mound growth on the Celtic margin occurred in the early to mid-
Holocene (9-6 ka BP) followed by an apparent CWC demise and recolonization during
the late Holocene (1.17±0.02 ka BP up to 0.15±0.02 ka BP). The CWC mini-mounds on
the Armorican margin appear to have developed simultaneously since most samples date
back to the early to mid-Holocene (9.6-7 ka BP). Two samples from 1.4±0.2 ka BP and
0.026±0.018 ka BP (1924±18 AD) suggest late Holocene recolonization also occurred in
this setting. The L. pertusa branch recovered from the NW Iberian margin indicates that
it grew during the early-Holocene (9.3-9.6±0.03 ka BP) but further sampling is necessary
to better frame the CWC mound development in this province.

In order to investigate the palaeoceanographic processes active during the early to mid-
Holocene episode of CWC mound growth on the Celtic margin, multi-proxy time series
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of εNd, bottom water temperature and ∆14C were determined on the U/Th dated L. per-
tusa samples. The record displays significant sub-millennial scale variability in the εNd (-
11.70±0.7 to -14.70±0.4) and ∆14C (23[13:33] to -89[-96:-82] ‰) signatures of the NE At-
lantic winter mixed layer, accompanied by mild shifts in temperature (9.8±0.9 to 11.4±0.9
°C). These fluctuations most likely represent episodes of intensified canyon-driven up-
welling of poorly ventilated water to the CWC mini-mounds on the shelf-edge. Analo-
gous to the modern oceanographic processes along this margin, the upwelling episodes
appear to be driven by dynamic changes in the slope current direction under persistent
positive North Atlantic Oscillation (NAO) atmospheric forcing. This interpretation is in
good agreement with early to mid-Holocene proxy reconstructions of SPG circulation and
continental precipitation patterns, both driven by the NAO. However, upwelling alone
cannot explain the mid-Holocene occurrence of a 14C depleted and unradiogenic (in εNd)
water mass which has no modern analogue. The unradiogenic εNd signature excludes a
southern origin of the poorly ventilated water (e.g. Antarctic Intermediate or Bottom
Water), suggesting a North Atlantic source instead. In order to reconcile this observa-
tion with the well-documented mid-Holocene intensification of the Atlantic Meridional
Overturning Circulation (AMOC), this work proposes the hypothesis that the marked
mid-Holocene increase in Nordic Sea convection depth flushed the remnants of an ex-
tremely 14C depleted abyssal Arctic Ocean reservoir and propagated its depleted signal
throughout the mid-depth North Atlantic.

The temporal distribution of dated L. pertusa samples from the Celtic and Armorican
margin mini-mounds also indicates sub-millennial scale variability in coral abundance,
suggesting an important control of natural processes on CWC growth. Episodes of peak
coral abundance occur at 9.0, 8.5, 7.3, 6.9, 6.5 and at 0.30 ka BP which appear to coincide
with periods of positive NAO conditions as demonstrated by continental rainfall proxy
records. The demise of the sampled CWC mini-mound on the Celtic margin also coincides
with a mid-Holocene atmospheric reorganisation. While our limited dataset can only
provide a first indication of the true temporal distribution of these corals and while such
a correlation does not necessarily imply a causation, the large-scale impact of the NAO
atmospheric forcing on primary productivity and mixed layer depth (MLD) merits the
hypothesis that the NAO may drive variability in CWC abundance on the Bay of Biscay
mini-mounds. Analogous to the modern Bay of Biscay, positive NAO conditions may have
induced a shallower MLD (and permanent thermocline) and more persistent upwelling
which would have favoured CWC growth on the mini-mounds by driving an earlier and
more persistent seasonal phytoplankton bloom over the shelf-break. The occurrence of
upwelling during early to mid-Holocene episodes of positive NAO is corroborated by the
shifts in water ventilation recorded in the coral ∆14C signature. Persistent positive NAO
conditions may also have intensified the rate of deep water formation in the AMOC
which would cause a further shoaling of the permanent thermocline and the associated
hydrodynamic regime, benefitting the relatively shallow CWC mini-mounds. The early
to mid-Holocene phase of CWC mound development indeed seems to coincide with a
period of overall enhanced AMOC. Finally, canyon-driven upwelling processes may also
be important in enhancing the suspended particle concentration near the shelf-break.

The discovery of L. pertusa samples from the last 400 years implies pre-industrial environ-
mental conditions (up to 1924±18 AD) in the Celtic and Armorican margin mini-mound
provinces were able to sustain CWC growth. As these provinces lie on the shelf break,
a region which has been subjected to significant fishing activity, the present-day lack
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of living CWC may be attributed to habitat destruction by trawl fishing. Fortunately,
the Celtic margin mini-mound province has been designated as a Marine Conservation
Zone in 2013 and also the Armorican margin mini-mounds lie within a region proposed
as a Special Area of Conservation since 2014. In contrast, no conservation efforts have
been undertaken in the newly discovered NW Iberian mini-mound province where fishing
pressure is exceptionally high. However, even if conservation efforts are successful in mit-
igating additional damage, evidence from other regions suggests CWC reefs take more
than a decade to recover and renewed coral colonization may be absent in sub-optimal en-
vironmental conditions. Given that the NAO and AMOC are projected to weaken in the
coming decades as a result of anthropogenic climate change and given that rising ocean
temperatures may push the shallow mini-mound provinces outside of the temperature
tolerance range of L. pertusa, renewed coral colonization appears unlikely. Nevertheless,
protection of the mini-mound provinces are warranted as the rubble fields are a habitat
to other marine species and sediment resuspension by trawling on the shelf-break may
adversely affect the last remaining live CWC reefs within the canyons of the Bay of
Biscay.



Samenvatting

Koud-water koralen (zoals Lophelia pertusa) zijn heterotrofe cnidaria die zich voeden door
zeewater te filteren. Ze leven in koud water in de diepere delen van de oceaan waar ze
één van de rijkste ecosystemen vormen. Deze koralen komen wereldwijd voor maar zijn
vooral bestudeerd in de noordoostelijke Atlantische Oceaan. Hier vormen ze imposante
koud-water koraalheuvels die sterk verschillen in omvang. Oorspronkelijk dacht men dat
deze koraalheuvels afhankelijk waren van de primaire productie die gepaard gaat met
uitsijpelend methaan op de oceaanbodem. Dit kwam omdat de eerste ontdekkingen van
deze heuvels door de olie en gas exploratie hen vaak in de buurt van sijpel-structuren
zoals ‘pockmarks’ aantrof. Deze hypothese werd echter tegengesproken door recentere
isotopenstudies die aantonen dat deze koralen zich voornamelijk voeden met fyto-en zoö-
plankton afkomstig van de primaire productie aan de oppervlakte van de oceaan. De
koraalheuvels in de noordoostelijke Atlantische regio komen voor in provincies die voor-
namelijk op een diepte tussen 500 en 1000 m liggen. Deze diepte komt overeen met de
thermocline, een diepte interval gekenmerkt door een sterke temperatuurafname, die zich
onder de gehomogeniseerde oppervlaktelaag bevindt. De sterke toename van de densiteit
in dit interval versterkt de bodemstroming die ontstaat door de interactie van getijden-en
oceaanstromingen met de topografie van de zeebodem. Deze bodemstromingen verhogen
de hoeveelheid organisch materiaal dat beschikbaar is voor de koud-water koralen. De
bodemstromingen beïnvloeden ook de sedimentaire processen waardoor de koud-water
koraalheuvels vaak geassocieerd zijn met specifieke sedimentaire structuren zoals con-
tourieten. Het wereldwijd voorkomen, het bewaringspotentieel en de mogelijkheid om
geochemische proxies en radiometrische ouderdommen te bepalen op het aragoniet skelet
van deze koralen, maakt hen tot een veelbelovend archief om het palaeomilieu te recon-
strueren.

Op de grens van het continentaal plat en de continentale helling van de Golf van Biskaje
werden ook meerdere provincies met kleine (1-5 m hoog en 50-250 m in diameter) ko-
raalheuvels ontdekt. In vergelijking met de andere koraalheuvels in de noordoostelijke
Atlantische oceaan, bevinden deze heuvels zich relatief ondiep (250-500 m) en zijn er
bovendien geen levende koralen meer aanwezig. De locatie van de heuvels op de rand
van het continentaal plat maakt hen ook kwetsbaar voor de impact van de sleepnet vis-
serij. Ze bieden dus de mogelijkheid om de rol van zowel natuurlijke processen als de
menselijk impact of koraalheuvels te onderzoeken. Een recent ontdekte provincie op de
NW Iberische rand bevindt zich bovendien in de buurt van een grote groep ‘pockmarks’
wat ook toelaat om de relatie met sijpel-structuren te onderzoeken.

De geomorfologische structuren en oceanografische processen in en rond de koud-water ko-
raal provincie, gelegen op de rand van de Ferrol canyon (NW Iberische continentale rand),
werden bestudeerd aan de hand van geofysische, oceanografische en videodata. De Ferrol
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canyon wordt gekenmerkt door erosieve (geërodeerde oppervlaktes en kanalen), deposi-
tionele (contourieten en duinen) en gemengde (contouriet terras) structuren die aantonen
dat bodemstromingen een belangrijke invloed hebben op de sedimentaire processen. De
bodemstromingen zijn enerzijds het gevolg van de interactie tussen de canyon topografie
en het Middellandse Zee Water (MZW) dat langs de continentale helling stroomt. Anderz-
ijds zijn ze het gevolg van de M2 interne getijden geassocieerd met de sterke densiteits-
toename op de grens tussen het Centrale noordoostelijke Atlantische Water (CNOAW)
en het MZW. Er werden 171 kleine (1.5 tot 3.1 m hoog en 60 tot 190 m in diameter)
koraalheuvels in kaart gebracht op het contouriet terras. Video observaties tonen aan dat
er ook op deze heuvels geen levende koralen meer aanwezig zijn. Merkwaardig genoeg
bevinden deze koraalheuvels zich op een waterdiepte van 400 tot 560 m en bevinden ze
zich dus voornamelijk boven het erosieve milieu van de CNOAW-MZW grens die gunstig
is voor koraalgroei. Dit suggereert dat tijdens de ontwikkeling van de koraalheuvels, de
CNOAW-MZW grens tot wel 200 m minder diep gelegen was. Dit wordt ook aangetoond
door de aanwezigheid van het contouriet terras, een structuur die vaak op de grens van
watermassa’s voorkomt.

Aan de hand van semi-automatische kartering en multivariate statistiek (PCA en PER-
MANOVA) werd een significant morfologisch verschil aangetoond tussen een groep re-
latief kleine koraalheuvels die dicht bij elkaar liggen en een groep van relatief grote ko-
raalheuvels die meer uitgespreid zijn. Er was geen significant verschil tussen de vorm
en de onderlinge afstand van de groep grotere koraalheuvels en de nabijgelegen ‘pock-
marks’. De ‘pockmarks’ vormden dus mogelijks een preferentieel kolonisatie oppervlak
voor de koud-water koralen waardoor de koraalheuvels hun morfologie overnamen. Dit
komt waarschijnlijk door de aanwezigheid van gecementeerde carbonaat gesteenten (die
het gevolg zijn van methaan sijpeling in de ‘pockmarks’) waar de koud-water koraal-
larven zich aan kunnen vasthechten. Deze hypothese wordt ook ondersteund door de
observatie van akoestische anomalieën die wijzen op ondergronds vloeistof transport (oa.
van methaan) onder zowel de ‘pockmarks’ als de koraalheuvels. De morfologie van de
kleinere koraalheuvels lijkt meer op die in andere provincies waar geen tekenen zijn van
methaan sijpeling. Deze vormden zich waarschijnlijk na koraalkolonisatie van kleinere
harde structuren zoals dropstones.

Het tijdskader waarin de kleine koraalheuvels van de Golf van Biskaje zich ontwikkelden
werd bepaald aan de hand van U/Th-datering van L. pertusa-stalen. De meest complete
reconstructie werd verwezenlijkt in de provincie op de Keltische continentale rand waar
een boorkern doorheen een volledige koraalheuvel (30 stalen) gedateerd werd. Boven-
dien werden ook 7 stalen vanop de zeebodem gedateerd die verspreid waren doorheen de
provincie. De bestaande dateringen (5) van L. pertusa-koralen op de Armoricaanse rand
werden aangevuld met 7 nieuwe dateringen. Van de koraalheuvel provincie op de NW
Iberische rand was slechts één groot L. pertusa-fragment beschikbaar waarvan 3 poliepen
werden gedateerd. De bemonsterde koraalheuvel op de Keltische rand ontwikkelde zich
tijdens het vroeg-tot midden-Holoceen (6-9 ka BP). Daarna volgde er een periode zonder
koraalgroei. Tijdens het laat-Holoceen (1.17±0.02 ka BP tot 0.15±0.02 ka BP) was er
een periode van herkolonisatie. De koraalheuvel ontwikkeling op de Armoricaanse rand
speelde zich waarschijnlijk gelijktijdig af aangezien de meeste stalen ook afkomstig zijn
uit vroeg-tot midden-Holoceen (9.6-7 ka BP). Bovendien werden er ook hier twee stalen
uit het laat-Holoceen (1.4±0.2 ka BP en 0.026±0.018 ka BP) gevonden. Het bemonsterde
staal van de NW Iberische rand ontwikkelde in het vroeg-Holoceen (9.3-9.6±0.03 ka BP)
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maar er is nood aan een bijkomende studie om het tijdskader van koraal groei op deze
locatie beter in kaart te brengen.

Om de palaeo-oceanografische processen tijdens de vroeg-tot midden-Holoceen te recon-
strueren werden verschillende geochemische proxies (εNd water temperatuur en ∆14C)
bepaald op de gedateerde koralen van de Keltische rand. Deze studie toont significante
schommelingen in de εNd (-11.70±0.7 tot -14.70±0.4) en ∆14C (23[13:33] to -89[-96:-
82] ‰) waarden op sub-millennium-schaal, die gepaard gaan met milde veranderingen
in temperatuur. Deze schommelingen zijn waarschijnlijk te wijten aan epsiodes van
canyon-gedreven opwelling van diep water naar de koraalheuvels op de rand van het
continentaal plat. Net zoals vandaag de dag waren deze periodes van opwelling waarschi-
jnlijk het gevolg van dynamische veranderingen in de richting van de oceanische stroming
langs de continentale helling, die deels gedreven wordt door de Noord-Atlantische Oscil-
latie (NAO). Deze hypothese sluit aan bij vroeg-tot midden-Holocene reconstructies van
zowel de Noord-Atlantisch gyre circulatie als de continentale neerslag over Europa, beide
gedreven door de NAO. Deze hypothese verklaart echter niet de observatie van een water-
massa met extreem lage ∆14C en relatief lage εNd waarden die geen equivalent heeft in de
moderne Atlantische oceaan. De lage εNd waarden sluiten een Zuid-Atlantische oorsprong
van het 14C verarmd water uit en wijzen eerder op een Noord-Atlantische afkomst. Dit
lijkt echter in strijd te zijn met de goed bestudeerde toename van de Noord-Atlantische
diepwaterproductie tijdens het midden-Holoceen. Om deze twee hypotheses te verzoenen
suggereert deze studie dat de sterke midden-Holocene toename van de convectiediepte in
de Noorse zee ervoor zorgde dat een extreem 14C verarmd reservoir in de abyssale Arc-
tische Oceaan werd gemobiliseerd, waarna het verspreid werd doorheen de Atlantische
Oceaan.

De temporale verdeling van de gedateerde L. pertusa-stalen duidt aan dat het voorkomen
van koraalgroei op de continentale rand van de Golf van Biskaje ook fluctueerde op sub-
millennium schaal. Maxima in het aantal gedateerde stalen komen voor rond 9.0, 8.5, 7.3,
6.9, 6.5 en 0.3 ka BP. Deze lijken overeen te komen met periodes gekenmerkt door een
positieve NAO index. Bovendien valt de teloorgang van koraalgroei op de bemonsterde
koraalheuvel samen met een atmosferische herorganisatie van het NAO patroon. Hoewel
de gelimiteerde dataset slechts een indicatie kan geven van de echte temporale verderling
van de koralen en hoewel deze correlatie niet meteen een causaal verband aantoont, kan
de impact van de NAO op de primaire productie en de positie van de thermocline mogelijk
het verband met het voorkomen van de koud-water koralen verklaren. In de huidige Golf
van Biskaje zorgt een positieve NAO voor een ondiepere gehomogeniseerde oppervlakte-
laag, alsook voor een intensere opwelling van diep water. Enerzijds zou de resulterende
toename in primaire productie over de rand van het continentaal plat, gunstig kunnen zijn
voor mogelijke koraal groei op deze locatie. Het voorkomen van opwelling gedurende een
positieve NAO tijdens het vroeg-tot midden-Holoceen wordt inderdaad bevestigd door
de waargenomen fluctuaties in ∆14C. Anderzijds komt ook de ondiepere thermocline en
de geassocieerde bodemstromingen de relatief ondiep geleden koralen ten goede. Boven-
dien zou een positieve NAO ook de diepwaterproductie in de Noord-Atlantische Oceaan
kunnen stimuleren wat tot een nog ondiepere thermocline zou kunnen leiden. Dit zou
ook de overeenkomst tussen de vroeg-tot midden-Holoceen groeifase van de koralen en
de toegenomen diepwaterproductie kunnen verklaren.
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De ontdekking van L. pertusa-stalen van de laatste 400 jaar op de bovenste continen-
tale rand van de Golf van Biskaje, duidt aan dat de omgevingsfactoren tijdens de pre-
industriële periode (en tot minstens 1924±18 AD) gunstig waren voor koud-water ko-
raalgroei. Aangezien dit gebied regelmatig bevist werd is het huidige gebrek aan levende
koud-water koralen waarschijnlijk te wijten aan de vernietiging van hun leefomgeving door
de sleepnet visserij. Gelukkig wordt de koud-water koraalprovincie op de Keltische rand
reeds beschermd als reservaat en ligt ook de provincie op de Armoricaanse rand binnen
een gebied dat kandidaat is om een reservaat te worden. De recent ontdekte provincie op
de NW Iberische rand is echter nog niet beschermd en ligt overigens in een sterk bevist
gebied. Hoewel deze conservatie-initiatieven er relatief goed in slagen om bijkomende
schade te vermijden, tonen sommige studies aan dat de koud-water koraalriffen meer dan
een decennium nodig hebben om zich te herstellen. Bovendien lijkt herkolonisatie door
nieuwe koralen afwezig te zijn in gebieden waar de omgevingsfactoren niet optimaal zijn.
Aangezien zowel de NAO als de Noord-Atlantische diepwaterproductie voorspeld zijn om
af te nemen in de komende decennia, ten gevolge van de opwarming van de aarde, lijkt de
kans op herkolonisatie van de fossiele koud-water koraalheuvels langs de continentale rand
van de Golf van Biskaje vrij klein. Bovendien zou de voortschrijdende opwarming van
de oceanen ervoor kunnen zorgen dat deze locaties buiten de temperatuur tolerantie van
L. pertusa komen te liggen. Ongeacht het gebrek aan levende koud-water koralen dienen
deze provincies op de bovenste continentale rand toch beschermd te worden aangezien de
fossiele koraalvelden de leefomgeving vormen van andere mariene soorten. Bovendien zou
het opnieuw in suspensie gaan van sedimenten, veroorzaakt door de sleepvisserij, ook een
negatieve impact kunnen hebben op de overblijvende levende koralen op grotere diepte
in de canyons.



Chapter 1

Introduction

1.1 Cold water corals (CWC) and Lophelia pertusa

Cold water corals (CWC) or also commonly known as deep-water corals, are, as the
name suggests, a collection of cnidarians that dwell in cold and deep marine environ-
ments (Roberts et al. 2006). Corals are defined as a group of animals that belong to
6 different cnidarian orders (Fig. 1.1) and are characterised either by the secretion of
calcium carbonate (calcite or aragonite) to build a continuous skeleton or multiple mi-
croscopic sclerites or by the presence of a horn-like, proteinaceous axis (Cairns 2007). In
contrast to their well-known tropical cousins, CWC do not rely on symbiotic dinoflag-
ellates (zooxanthellae) and their photosynthetic products but instead filter the water
column for organic carbon to sustain themselves.(Roberts et al. 2006). Since the azoox-
anthellate CWC are not restricted to the photic zone of tropical oceans, they exhibit a
global distribution in water depths ranging between 40 and 3000 m (Fig. 1.2; Roberts et
al. 2006, Freiwald et al. 2017) which has only been recognised since the last 20 years due
to technological advances in off-shore exploration (Roberts et al. 2009).
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Alcyonacea

Zoantharia

Anthoathecata

Antipatharia

Pennatulacea

Cnidaria
(Phylum)

Anthozoa
(Class)

Hydrozoa
(Class)
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Hydroidolina
(Subclass)

Phylogeny of coral Orders

Figure 1.1: Phylogeny of the coral Orders according to Cairns (2007).
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2 CHAPTER 1. INTRODUCTION

Figure 1.2: Global distribution of known cold-water coral (CWC) occurences grouped by
taxonomic order according to Cairns (2007) and the World Register of Marine Species
(WoRMS 2017). The data used for this map are from Freiwald et al. (2017).

The Scleractinia or “stony corals” are some of the most abundant CWC (Fig. 1.2) and in
this work we predominantly focus on the most common framework building scleractinian
species: Lophelia pertusa. Recently however, this species was reclassified to Desmophyl-
lum pertusum based on molecular evidence (Addamo et al. 2012, 2016, Hoeksema &
Cairns 2019). To avoid confusion, this dissertation will use the original and most com-
mon name L. pertusa which was based on its morphology. The word “Lophelia” is derived
from the Greek lophos and heliol or “a tuft of sun” which refers to the sun-like shape of the
individual coral polyps (Fig. 1.3). Together, the L. pertusa polyps form bush-like colonies
which develop as a result of anasotomosis of the growing coral branches. Even though
they are often referred to as “white coral” due to their white skeleton, the surrounding
translucent tissue (the coenosarc) also occurs in yellow, orange or red hues (Roberts et
al. 2009). The skeleton consists of aragonite and results from biomineralisation of the
coensarc (Freiwald & Wilson 1998, Mortensen et al. 1998).



1.2. CWC MOUNDS 3

Figure 1.3: Close up of Lophelia pertusa colony from the Mississippi Canyon 751 site at
approximately 450 m depth. The specimen in the image is approximately 20 cm by 10
cm in size. Image courtesy of Lophelia II 2009: Deepwater Coral Expedition: Reefs, Rigs,
and Wrecks (NOAA Ocean Explorer Gallery). An approximate scale is provided.

1.2 CWC mounds

Perhaps the most astonishing feat of L. pertusa (and other framework building sclerac-
tinian species like Madrepora oculata) is its ability to construct CWC mounds or coral
carbonate mounds (Roberts et al. 2006, Wheeler et al. 2007). These are topographic
structures that range in size from small mounds of several meters high and 50-100 m in di-
ameter (e.g. Darwin Mounds in the Rockall Trough; Huvenne et al. 2009a, Moira Mounds
in the Porcupine Seabight; Wheeler et al. 2011, Lim et al. 2018) to giant mounds of up
to 300 m high and several km in diameter (e.g. Hovland, Magellan and Belgica Mounds
in the Procupine Seabight, Fig. 1.4; De Mol et al. 2002, Logachev Mounds on the SW
Rockall Bank; Mienis et al. 2006). Interestingly these CWC mounds seem to cluster in
mound provinces where conditions are or have been favourable to coral growth (Wheeler
et al. 2007).
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Figure 1.4: Bathymetry and seismic profile along the Challenger Mound in the Belgica
Mound Province in the eastern Procupine Seabight. Indicated is the position of the
IODP expedition 307 site U1317 record. The black line represents the RD1 regional
unconformity which forms the mound base (modified after Van Rooij et al. 2003, Pirlet
et al. 2011). Image courtesy of Thierens et al. (2013).

Several studies have investigated how these structures are formed (Squires 1964, Wilson
1979, De Mol et al. 2005a, b, Dorschel et al. 2005, de Haas et al. 2008, Foubert et
al. 2011, Douarin et al. 2014). A CWC colony is thought to initiate by settling of
planula larvae on a firm and preferentially elevated substrate which allows the polyps to
be anchored and to access faster flowing water providing an increased nutrient and larvae
flux (De Mol et al. 2005b). As several adjacent colonies expand laterally, they interweave
which increases the coral density and forms what is known as a coral thicket (Squires
1964, Wilson 1979). The increased density of the coral framework is able to slow down
the bottom current by frictional drag which locally enhances the sedimentation rates in
a process termed “sediment baffling” (de Haas et al. 2008, Mienis et al. 2009a). This
results in the deposition of a sediment rich layer and formation of a mounded structure
(Fig. 1.5; Douarin et al. 2014). The thicket also offers shelter and a suitable habitat
to other organisms like echinoderms, sponges and fish and this biological activity further
enhances the sediment input (Roberts et al. 2009). At this stage, the rapid burial of
broken coral branches causes them to be well-preserved and this forms a coral rich layer
in the geological record (Fig. 1.5; Douarin et al. 2014). As the thicket grows, the
older polyps at the bottom of the coral framework die and the exposed skeleton becomes
susceptible to bio erosion (Beuck & Freiwald 2005, Beuck et al. 2010). Over time, the
original coral colonies eventually collapse under their own weight (Douarin et al. 2014).
Bio-erosion processes and mechanical erosion by currents results in coral rubble which
falls down and extends the perimeter of the reef patch as it forms a shelly-coral hash layer
(Fig. 1.5; Douarin et al. 2014). The skeletal debris provides substrate for colonization
by newer generations of coral and this stage of development was described as a coral
coppice by Squires (1964) and Wilson (1979). The coral rubble baffles sediment which
provides stability to the mounded structure and the associated vertical growth allows
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the next generation of coral colonies living on top to reach faster flowing waters above
the benthic boundary layer (Dorschel et al. 2005, 2007, Wheeler et al. 2005, de Haas
et al. 2008, Foubert et al. 2011, Victorero et al. 2016). This increases the flux of
Particulate Organic Matter (POM) and larvae (Mienis et al. 2007, 2009a) thus providing
favourable conditions for coral colonization and continued mound growth (De Mol et al.
2005b, Dorschel et al. 2005, 2007, Foubert et al. 2011, Douarin et al. 2014). Through
this positive feedback loop, the coral coppice will evolve to a larger coral bank or reef
(Roberts et al. 2009) which is characterised by a cap of living coral colonies on top of a
thick layer of mostly buried coral debris (Mienis et al. 2009b). In the initial stages, the
coral reef will have a more or less “inherited morphology” which resembles that of the
initially colonised substrate (Wheeler et al. 2007). However, if favourable conditions for
coral growth are present or recurrent over long time scales, individual reefs can coalesce
to form giant coral carbonate mounds (Wilson 1979, Freiwald et al. 2002, Roberts et al.
2006, 2009) which have a “developed morphology” shaped by the prevailing hydrodynamic
conditions (Mienis et al. 2007, Wheeler et al. 2007). The IODP Expedition 307 record
of the Challenger mound in the Belgica Mound province (Fig. 1.4) has revealed that
this features is the result of gradual reef stacking since 3 Ma (Huvenne et al. 2009b,
Thierens et al. 2010, 2013, Raddatz et al. 2014). Interestingly, the development of this
coral mound shows strong affinity to the evolution of the northern hemispheric climate
system (Thierens et al. 2013) with depositional cycles of coral rich layers, hemipelagic
sediment and ice rafted debris (IRD) coupled to glacial/interglacial variability (Huvenne
et al. 2009b, Titschack et al. 2009, Pirlet et al. 2011, Raddatz et al. 2014). A similar
conclusion was reached by Frank et al. (2011) who compared ages of CWC samples
along the North Atlantic margin between 17°N and 70°N and discovered a north-south
oscillation (50°N - 70°N) in the biogeographic limits of CWC mound development paced
by ice ages. Furthermore, millennial scale climate variability throughout the Holocene
also appears to have had a significant influence on CWC mound growth rates (Frank et
al. 2009a, Bonneau et al. 2018). The fact that the CWC reefs and mounds of the NE
Atlantic have been sensitive to natural climatic changes in the past, raises the question
of how these ecosystem will respond to rapid anthropogenic climate change in the future
(Roberts et al. 2006, Frank et al. 2011, IPCC 2014).

1.3 Environmental controls and anthropogenic im-
pact

In order to understand why CWC mounds seem to cluster in provinces and how changes
in climate affect CWC growth and mound development, many studies have investigated
the physicochemical constraints and environmental controls on CWC. Overall, L. pertusa
is tolerant to a relatively wide range of salinities 31.7-38.8 (Mikkelsen et al. 1982, Davies
et al. 2008, Freiwald et al. 2009, Fink et al. 2012) and temperatures 4-15° C (Rogers
1999, Freiwald et al. 2004, 2009, Fink et al. 2012, Brooke et al. 2013, Flögel et al. 2014).
Some studies have suggested CWC distribution could be restricted by dissolved oxygen
concentration (4-7.2 ml/l; Davies et al. 2008, Fink et al. 2012), aragonite saturation
state (Ωaragonite > 1; Davies & Guinotte 2011, McCulloch et al. 2012) or Dissolved
Inorganic Carbon (DIC < 2170 �mol/kg; Flögel et al. 2014). These parameters however
do not explain the observed clustering of CWC mounds in mound provinces (Wheeler
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et al. 2007) and other processes are important to allow sustained CWC reef and mound
development.

Figure 1.5: Conceptual model of coral reef initiation and cyclic development according
to Douarin et al. (2014).

Historically, it was believed that L. pertusa reefs relied on primary productivity associated
with seafloor seepage of hydrocarbons (e.g. methane) as early discoveries by oil and gas
exploration companies often found CWC mounds near seepage related seabed structures
(e.g. pockmarks; Hovland & Thomsen 1997, Henriet et al. 1998, 2001, Hovland & Risk
2003, Hovland 2005, Hovland et al. 2012). However, in most CWC mound provinces,
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seepage is absent and studies on the carbon isotopic signature of coral tissue and skeleton
have further excluded a seepage-based food chain (Duineveld et al. 2004, 2007, Kiriak-
oulakis et al. 2005, Becker et al. 2009). A better hypothesis to explain the occasional
co-occurrence of CWC and seepage features is that methane-derived authigenic carbon-
ates formed in seepage sites (Friedman et al. 1988, Hovland & Judd 1988, Boetius et al.
2000, Greinert et al. 2001, Magalhães et al. 2012) may offer suitable hard grounds for
coral colonisation (Kellogg et al. 2009, Wehrmann et al. 2011, Magalhães et al. 2012,
Somoza et al. 2014).

Instead, the sessile filter feeding corals are dependent on surface primary productivity
derived phyto-detritus and zooplankton (Duineveld et al. 2004, Kiriakoulakis et al. 2004,
Davies et al. 2008, Becker et al. 2009, Dodds et al. 2009, van Oevelen et al. 2009)
and vigorously flowing bottom currents and turbulence to deliver these food particles to
their polyps (White et al. 2005, Duineveld et al. 2007, Mienis et al. 2007, White 2007).
The latter process likely explains the distribution of CWC mounds along the NE Atlantic
margin (Fig. 1.6 A) where mounds predominantly occur within the depth range (500-
1000 m) of the permanent thermocline which lies below the winter mixed layer (Fig. 1.6
B; Wheeler et al. 2007, White & Dorschel 2010). An earlier hypothesis for this vertical
distribution suggested that CWC are restricted to the coinciding specific potential density
range σθ = 27.35-27.65 kg/m3 (Fig. 1.6 B; Dullo et al. 2008, Flögel et al. 2014) thought
to control coral larvae transport (Dullo et al. 2008). However, more recent studies have
since indicated that the coral larvae are free swimming and are not constrained to the
proposed density envelope as they may spend part of their lifetime in the photic zone
(Larsson et al. 2014, Strömberg & Larsson 2017). A more likely explanation for the CWC
mound occurence within permanent thermocline depth is that baroclinic oceanographic
processes like internal waves and tides (Lamb 2014 and references therein), which operate
along the associated strong vertical density gradient (pycnocline; Fig. 1.6 B), induce
vigorous bottom currents (0.1 to >0.5 m/s) where they interact with topography along
the continental margins (White & Dorschel 2010, Mohn et al. 2014, van Haren et al.
2014). Along the NE Atlantic margin (up to the Porcupine Seabight), this depth range
also comprises the boundary between the Eastern North Atlantic Central Water and the
Mediterranean Sea Water (MSW; chapter 2; Iorga & Lozier 1999a). The saline MSW
flows poleward along the European slope at an average velocity of 2-15 cm/s, driven
principally by a meridional density gradient and conditioned by the coriolis force and
the margin topography (Iorga & Lozier 1999a, White 2007, Hernández-Molina et al.
2011). Where it interacts with steep topography, its local velocity is enhanced which can
further amplify the bottom current regime (White 2007, Stow et al. 2009, Hernández-
Molina et al. 2011). The amplified bottom currents result in turbulent bottom and
intermediate nepheloid layers (BNL and INL) which concentrate resuspended sediment
and surface derived organic matter (Cacchione et al. 2002, Mienis et al. 2007, Pomar et
al. 2012). This favours CWC mound development by providing larvae and food to the
living coral reef and delivering sediment which stabilises the mounded structure (White
et al. 2005, Dorschel et al. 2007, Mienis et al. 2007, White 2007). In addition to
density stratification, the magnitude of the generated currents also depend on the slope,
orientation and dimensions of topographic features (Huthnance 1981, Cacchione et al.
2002, Legg & Klymak 2008, Mohn et al. 2014, van Haren et al. 2014) which likely
explains the clustering of CWC mounds in provinces where these conditions are optimal
(Mohn et al. 2014).
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Figure 1.6: A) Depth distribution of Northeast Atlantic (20-10°W; 48-58°N) cold-water
coral (CWC) mounds modified from White & Dorschel (2010). B) Conservative temper-
ature (Θ; green) and potential density (σθ; red) profiles in Februari (full) and October
(dashed) binned at 10 m and averaged over all WOD13 CTD stations (Boyer et al. 2013)
within 10-20°W and 48-58°N. The red vertical box indicates the σθ=27.35-27.65 kg/m3

envelope. Note the seasonal thermocline and pycnocline in the upper 100 m, followed by
the homogeneous winter mixed layer (100-500 m) and the permanent thermocline and
pycnocline between 500 and 1000 m.

While the environmental requirements of contemporary CWC’s are fairly well constrained,
the processes that drove variability of these parameters and hence of CWC occurrence
in the past, remain a matter of debate. Thierens et al. (2013) proposed the hypoth-
esis that climate-driven changes in primary productivity are the main driver for the
glacial/interglacial cycles of mound development observed in the Challenger mound. How-
ever, other studies have suggested this may also be related to changes in detrital input
(IRD; Pirlet et al. 2011, Thierens et al. 2011) or to changes in the depth position of
the MSW and an altered thermocline structure affecting the associated bottom current
regime (De Mol et al. 2002, Raddatz et al. 2011, Rüggeberg et al. 2016). Further-
more, De Mol et al. (2005a) have posed the hypothesis that the poleward flow of MSW
has played a key role in the interglacial CWC recolonization of the high latitudes by
transporting coral larvae from the Mediterranean. Frank et al. (2011) argues that the
biogeographic limit of CWC’s over glacial/interglacial time scales was controlled by the
position of the polar front affecting the primary productivity by direct sea surface heat
loss and melt water discharge from ice sheets. However, little is known about past sub-
surface temperatures and these processes could also have affected CWC development by
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altering the thermocline structure, circulation patterns and/or terrigenous sedimentation
(Frank et al. 2011). While the millennial scale variability in mound growth rate during
the Holocene has also been tentatively linked to changes in the mid-depth circulation,
thermocline structure (affecting either the bottom current regime or the primary produc-
tivity or both) and/or to IRD input, further research is required to establish the relative
importance of these processes (Frank et al. 2009b, Bonneau et al. 2018). The reconstruc-
tion of the palaeo-environmental changes that drove the variability in CWC occurrence
along the NE Atlantic margin remains an active area of research and a thorough under-
standing of the processes involved is of vital importance to anticipate the threat of future
climate change to these ecosystems.

Future anthropogenic warming of the ocean and reduction of the Arctic sea ice (Rayner et
al. 2003) may cause CWC’s to migrate even further north and colonise the Arctic Ocean
(Frank et al. 2011). However, anthropogenic ocean acidification and the consequent
shallowing of the aragonite saturation depth (Caldeira & Wickett 2003, Feely et al. 2004,
Orr et al. 2005, Tanhua et al. 2007) may limit the calcification of scleractinian CWC
(Maier et al. 2009, 2012). Although the extent of this effect remains an active area
of research (McCulloch et al. 2012, Büscher et al. 2017, Farfan et al. 2018), it could
potentially prevent a northward migration and threaten these ecosystems. Furthermore,
global warming is not the only anthropogenic threat to CWC ecosystems. Trawling, a
widely used fisheries technique whereby heavy nets are towed along the seafloor (e.g.
Martín et al. 2014a) has been documented to be detrimental to CWC reefs (Hall-Spencer
et al. 2002, Heifetz et al. 2009, Williams et al. 2010). In addition to direct damage
to reefs, trawling has been shown to dramatically increases the suspended sediment load
(Puig et al. 2014) which may smother CWC reefs downslope or downstream from the
trawled area (Larsson & Purser 2011). Although awareness is growing and several CWC
mound provinces have gained the status of Marine Protected Area (MPA) and are now
closed to fisheries, damaged reefs do not seem to recover on decadal timescales and it
is unsure if reefs in sub-optimal conditions may recover at all (Williams et al. 2010,
Huvenne et al. 2016). As such, there is an urgent need to increase the understanding
of the different anthropogenic impacts on CWC mounds and to document the extent of
these impacts in yet unexplored regions of the ocean.

1.4 Sedimentary features associated with CWC
mounds

The hydrodynamic regime in which CWC’s thrive also affects the sedimentary processes
in the surrounding area resulting in a wide range of sedimentary features commonly
associated with CWC mounds (e.g. Hebbeln et al. 2016). These sedimentary features can
be both erosional or depositional in origin and their morphology primarily depends on the
bottom current velocity and on the grainsize of the sediment (Fig. 1.7; Stow et al. 2009)
although other parameters like bed roughness, sediment supply (e.g. proximal vs. distal),
sediment particle density (e.g. foraminifera vs. quartz grains) and fluid properties (density
and viscosity) can also have an influence (Allen 1982, Gardner et al. 1989, Stow et al.
2009). The spatial scale of current shaped sedimentary features and the temporal scale
over which these features are formed spans several orders of magnitude from lineations
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and ripples (10-2-100 m; several hours; Fig. 1.7; Stow et al. 2009) over sediment waves,
dunes and furrows (100-103 m; days to weeks or longer; Fig. 1.7; Stow et al. 2009)
up to abraded surfaces, contourite drifts, channels and depositional systems (104-106 m;
millions of years; Faugères et al. 1999, Rebesco et al. 2014).

Figure 1.7: The sedimentary bedform velocity matrix according to Stow et al. (2009)
which relates different sedimentary features at a wide range of spatial scales to bottom
current velocity and sediment grainsize

Contourites in particular are often associated with CWC mounds (e.g. Hübscher et al.
2010, Hebbeln et al. 2016). They are defined as “sediments deposited or substantially
reworked by the persistent action of bottom currents” (Rebesco et al. 2014). Together
with turbidites (resulting from downslope density currents) and pelagites (resulting from
vertical particles settling), contourites can be considered as an end-member of deep-sea
sedimentary architectures (Rebesco et al. 2014). They are further classified based on
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their morphology which is often influenced by topographic obstacles that affect the local
hydrodynamic regime (Stow et al. 2002, Hernández-Molina et al. 2008, Rebesco et al.
2014). These topographic obstacles (ridges, sea mounts, etc.) with associated contourites
are often found to host CWC reefs and mounds (e.g. Van Rooij et al. 2011, Somoza et al.
2014, Vandorpe et al. 2014) as they offer favourable conditions for their development. In
some cases, the CWC mound itself forms the obstacle against which the contourites form
(e.g. in the Belgica mound province; Fig. 1.8; Van Rooij et al. 2003, Campeche Bank,
Mexico; Hebbeln et al. 2014). In other cases, provinces of CWC mounds are located on
top of (Huvenne et al. 2009a) or buried within contourite drifts (Van Rooij et al. 2008,
Vandorpe et al. 2017).

Figure 1.8: High resolution reflection sesimic profile of a cold-water coral mound in the
Belgica mound province, flanked by two contourite drifts. Image courtesy of Hebbeln et
al. (2016).

1.5 CWC mounds as palaeo-archives

The widespread distribution in the Atlantic and the longevity of CWC mounds over geo-
logical time scales as well as the preservation potential of the CWC skeleton makes them
a promising palaeo-environmental archive in a number of disciplines (Roberts et al. 2006,
2009). From a sedimentological standpoint, the baffling effect of the CWC framework
greatly enhances the sedimentation rate on CWC mounds (de Haas et al. 2008, Mienis
et al. 2009b). This allows sedimentological records of high temporal resolution to be col-
lected in intermediate depth continental slope settings (e.g. Pirlet et al. 2011, Thierens et
al. 2013) where they are otherwise condensed or absent as a result of downslope processes
and bottom currents (Evans et al. 1998). From an ecological perspective, the presence
or absence of CWC throughout the geological past provides a way to infer climate-driven
changes in primary productivity, thermocline structure and ocean circulation as well as
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other environmental constraints to CWC (e.g. Frank et al. 2011, Fink et al. 2012,
Thierens et al. 2013, Rüggeberg et al. 2016, Bonneau et al. 2018). From a geochemical
viewpoint, the high U content of the carbonate CWC skeleton allows them to be accu-
rately dated using the U-Th method (Cheng et al. 2000) and a number of geochemical
proxies for palaeotemperature, water mass provenance, and ocean ventilation (see chap-
ter 3) have been developed for CWC skeletons in recent years (Robinson et al. 2014
and references therein). Although not without its own challenges (Robinson et al. 2014),
CWC geochemistry allows for the collection of multi-proxy palaeoceanographic records at
an unprecedented temporal resolution and are unaffected by processes like bioturbation
(Bard 2001) and radiocarbon age model uncertainties (Stern & Lisiecki 2013) which often
plague sedimentary palaeoceanographic records.

1.6 Aims and objectives

CWC mounds are some of the most diverse ecosystems along the NE Atlantic margin but
they are sensitive to climate variability and are likely to experience widespread changes
if not extinction as a result of future global warming. While the environmental prerequi-
sites of these corals have been fairly well constrained, several different hypothesis remain
regarding the climate-driven processes that control these conditions and hence govern
coral mound initiation, development and demise. This information is of vital importance
to predict the response of the NE Atlantic CWC mounds to global warming as well
as to other anthropogenic impacts. Furthermore, CWC mounds are promising palaeo-
environmental archives and the investigation of the processes driving CWC occurrence
may also strengthen our understanding of the large-scale North Atlantic palaeoceanogra-
phy. As such, this work aims to contribute to three overarching research questions:

• What (palaeo-)environmental processes control the initiation, development and
demise of CWC mounds?

• How can these processes be linked to the large-scale North Atlantic palaeoceanog-
raphy?

• What are the anthropogenic impacts on CWC mounds?

In order to address these questions, this work has focused on several provinces of small
CWC “mini-mounds” (1-5 m high and 50-250 m in diameter) which occur on the Bay
of Biscay shelf-break and upper slope (chapter 2; De Mol et al. 2011, Sánchez et al.
2014, Stewart et al. 2014). Interestingly, these mound provinces appear to lack modern
coral growth and occur at relatively shallow (250-500 m) depth, outside of the contem-
porary permanent thermocline where conditions are optimal for CWC’s. This suggests
the environmental conditions in these provinces were different in the past. As such, the
Bay of Biscay CWC mini-mounds offer the opportunity to derive high-resolution multi-
proxy palaeoceanographic records and investigate the influence of palaeo-environmental
changes on the initiation, development and demise of such CWC mounds. In addition,
a newly discovered CWC mini-mound province on the NW Iberian margin occurs in
close proximity of a pockmark field (Jané et al. 2010) which allows to investigate the
controversial connection between CWC mounds and hydrocarbon seepage processes. Fur-
thermore, the position of the CWC mini-mounds on the shelf-break and upper slope also
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puts them at risk of destruction by trawl fishing, offering the potential to asses the role
of anthropogenic impacts in their demise. In this study we have adopted a multidis-
ciplinary approach, combining geophysical, video, oceanographic and geochemical data
(see chapter 3) in order to accomplish following objectives:

1) Determine the present-day oceanographic processes and environmental conditions
that affect the fossil CWC mini-mounds and the sedimentary environment in the
newly discovered province along the NW Iberian margin.

2) Determine the potential relationship between the NW Iberian margin CWC mini-
mounds with the seepage processes in the nearby pockmark field.

3) Determine when the Bay of Biscay CWC mini-mounds developed, how the palaeo-
ceanographic processes were different from today and how these processes relate to
the large-scale climate-driven North Atlantic ocean circulation?

4) Determine the role of the palaeoceanographic processes in driving the proliferation
of CWC growth on the Bay of Biscay mini-mounds?

5) Given the timing of coral growth on the Bay of Biscay mini-mounds, determine
if the demise of these mounds can be linked to anthropogenic impact. Given the
driving processes for CWC growth in the past, determine if these ecosystems could
recolonise this setting if anthropogenic impacts were to be mitigated.

Objectives 1 and 2 are addressed in chapter 4 by geophysical mapping of the CWC mini-
mounds, sedimentary features and pockmarks along the NW Iberian margin. This map
was combined with oceanographic data to infer the present-day oceanographic processes.
Morphometric analysis and seismic reflection profiling was used to assess the relationship
between CWC mini-mounds and seepage processes in the pockmarks. Furthermore, a pre-
liminary age constraint for coral growth in this setting was established which contributes
to objective 3. This chapter has been published in Progress in Oceanography.

Chapter 5 focuses on objective 3 by establishing a high resolution chronostratigraphic
framework for a CWC mini-mound on the Celtic margin. Multi-proxy geochemical time
series are collected in order to infer the palaeoceanographic processes at time of CWC
mound development. These are compared with other palaeo-environmental records to
frame them in the context of climate-driven changes in the North Atlantic. An edited
version of this chapter will be published in Earth and Planetary Science Letters.

In chapter 6, geochronological data from chapters 4 and 5 are supplemented with ad-
ditional age information from CWC mini-mounds along the Bay of Biscay shelf-break
and upper slope to establish a preliminary temporal distribution of CWC’s in this re-
gion (objective 3). These data and the inferred palaeoceanography are combined to asses
the potential palaeo-environmental processes driving CWC growth on the mini-mounds
(objective 4). Finally, this information is used to asses the anthropogenic impact and
potential for recovery of the CWC mini-mounds (objective 5).
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Chapter 2

Setting

This dissertation focusses on two CWC mini-mound provinces located along the upper
continental slopes of the Bay of Biscay, a V-shaped oceanic embayment situated between
Spain, France and Britain (Fig. 2.1 A). The Bay of Biscay continental margins are sub-
divided accordingly into the northern Iberian margin to the south and the Aquitanian
margin, Armorican margin and Celtic margin (commonly known as the Western Ap-
proaches) to the North (Fig. 2.1 A; Bourillet et al. 2006). One of the CWC provinces is
located on the upper slope of the Celtic margin, situated at the outer edge of the 250 km
wide Celtic shelf (Fig. 2.1 A). Here, more than 400 CWC mini-mounds occur between 250
and 410 m water depth on the interfluves between the Dangeard and Explorer submarine
canyons, two tributaries to the larger Whittard canyon system (Fig. 2.1 B; Stewart et
al. 2014). The other CWC mini-province is located along the NW Iberian margin which
forms the southernmost extent of the Bay of Biscay (Fig. 2.1 A). It contains approxi-
mately 171 CWC mini-mounds, situated on the outer part of the Ortegal Spur marginal
platform and near the head of the Ferrol submarine canyon between 400 and 560 m water
depth (Fig. 2.1 C). Although not the main focus of this work, it should be noted that
similar shallow provinces of CWC mini-mounds were also discovered on interfluves along
the Armorican margin (260 to 350 m water depth; De Mol et al. 2011) and the North
Iberian margin (410 to 550 m water depth; Sánchez et al. 2014). Furthermore, historical
grab sample records compiled by Reveillaud et al. (2008) indicate that scleractinian CWC
have been present along most Bay of Biscay shelf-break and upper slope regions (< 500 m
depth) although there is currently no evidence of other provinces of similar mini-mound
structures. The morphology of the steep Bay of Biscay slopes which reach down to 5000
m water depth and are intersected by numerous submarine canyons is the result of its
geological evolution which is discussed in section 2.1. This margin morphology has an
important effect on the regional oceanographic processes, discussed in section 2.2, and by
extension on the CWC mounds.

15
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Figure 2.1: (A) Hillshaded bathymetry map of the Bay of Biscay continental margin
with the major extensional domains and tectonic structures modified from Thinon et
al. (2001), Jammes et al. (2009) and Tugend et al. (2014). The oceanic crust age
was derived from interpolation between isochrons identified from lithospheric magnetic
anomalies after Müller et al. (2008). The palaeovalleys are according to Bourillet et al.
(2006), the tidal sand ridges are according to Scourse et al. (2009) and the Contourite
Depositional Systems are derived from Rebesco et al. (2014). The contour lines indicate
water depth and are drawn at intervals of 1000 m. (B) Detailed bathymetry map of the
cold-water coral mini-mound province located on the Explorer and Dangeard Interfluves.
(C) Detailed bathymetry map of the cold-water coral mini-mound province located near
the Ferrol Canyon head and the Ortegal Spur.

2.1 Geology

2.1.1 Tectonic Evolution

The continental margins of the Bay of Biscay originated from a transtentional continental
rifting phase associated with the opening of the Atlantic ocean during the Late Jurassic
and the Early Cretaceous (Fig. 2.2 A; Williams 1975, Jammes et al. 2009, 2010). At
the end of the Early Cretaceous (Late Aptian) and during the Late Cretaceous (Ceno-
manian to Campanian), the anti-clockwise rotation of the Iberian plate relative to the
Eurasian plate caused an extensional regime in the Bay of Biscay (Fig. 2.2 B; Williams
1975, Jammes et al. 2009, 2010). This resulted in continental breakup and the onset of
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seafloor spreading in the Bay of Biscay (oceanic crust ages of 80-118 Ma in Fig. 2.1 A;
Williams 1975, Sibuet et al. 2004) while the surrounding rift structures evolved to passive
continental margins. At the end of the Cretaceous, the extensional regime gave way to
a compressional phase with the first evidence for convergence between the Iberian and
Eurasian plate recorded in the eastern Pyrenean domain during the Santonian to Campa-
nian (Fig. 2.2 C; Thinon et al. 2001, McClay et al. 2004). This “Pyrenean convergence”
reached a paroxysmal deformation phase during the Eocene and lasts until the end of the
Oligocene (Thinon et al. 2001, Vergés et al. 2002, Jammes et al. 2009). It resulted in
a limited southward subduction of the Bay of Biscay oceanic crust beneath the northern
Iberian margin and the reactivation and inversion of the rift structures in the southern
Bay of Biscay margin (thrust faults in Fig. 2.1 A; Boillot et al. 1979, Thinon et al. 2001).
In contrast, the northern Bay of Biscay margin remained nearly undeformed except for
some minor faulting at the northern edge of the oceanic–continental crust transition (Thi-
non et al. 2001). A final phase of tectonic subsidence occurred during the Oligocene and
was followed by a decrease in intensity of the tectonic activity from the Miocene to the
present (Boillot et al. 1987, Vergés et al. 2002).

Figure 2.2: Schematic plate kinematic interpretation for the Iberian (IB) and Eurasian
(EU) plate evolution modified from Jammes et al. (2009) and Jammes et al. (2010). (A)
Rifting phase during the Late Jurassic to Early Aptian along an E-W oriented transten-
sional plate boundary (B) Extensional phase due to a counterclockwise rotation of the
Iberian plate relative to the Eurasian plate during the Late Aptian to Cenomanian. (C)
Compressional phase during Santonian to Eocene.

2.1.2 Sedimentary Evolution

The morphology of the northern Bay of Biscay margins (Celtic and Armorican margins) is
remarkably different from the southern margins (Aquitanian and North Iberian margins;
Fig. 2.1 A; Bourillet et al. 2006, Maestro et al. 2013). The northern continental slopes
are characterised by a series of submarine canyons, interfluves and spurs (Fig. 2.1 B)
that organise into submarine drainage basins (e.g. the Whittard Canyon System which
is part of the Grande Sole drainage basin; Fig. 2.1; Amaro et al. 2016) which funnel sed-
iments from the broad shelf to the deep-sea turbiditic systems on the Biscay continental
rise and abyssal plane (Bourillet & Lericolais 2003, Bourillet et al. 2006, Mulder et al.
2012). In comparison, submarine canyons are more sparse on the southern margins and
their morphology is predominantly inherited from the tectonically deformed basement
(e.g. Ferrol Canyon in Fig. 2.1 C; Bourillet et al. 2006, Ercilla et al. 2008a, Maestro et al.
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2013). While this smooth “tectonic dominated” morphology of the southern margins was
predominantly (though not exclusively) shaped by the tectonic history outlined above
(Ercilla et al. 2008a, Maestro et al. 2013, 2018), the “canyon dominated” morphology
of the northern margins only emerged during the more recent “post-tectonic” history
(Bourillet et al. 2006).

The first generation of Celtic and Armorican canyons, tectonically controlled embayed
valleys on the lower slope, originated in the Oligocene but the formation history of the
drainage basins only starts in the Miocene (Bourillet et al. 2003). During this time, the
uplift of the Channel area and Paris Basin to the north, as a result of the western Alps
collision (Evans 1990), caused the deposition of prograding deltaic sedimentary wedges
which downlap onto the cretaceous deposits (Evans & Hughes 1984). In this stage, tur-
bidites were fed through a second generation of canyons which incised the mid-continental
slopes and converged into the older generation of valleys (Bourillet et al. 2003). A num-
ber of episodic sea level lowstands starting in the Messinian and continuing through
Plio-Pleistocene times resulted in the incision of the Neogene sedimentary prisms by a
network of palaeovalleys on the continental shelf (Fig. 2.1 A) and by the third genera-
tion of submarine canyons on the upper continental slope (e.g. Explorer and Dangeard
Canyons in Fig. 2.1 B; Evans & Hughes 1984, Evans 1990, Bourillet et al. 2003). During
these lowstands, the palaeovalleys constituted the Channel palaeoriver system, commonly
known as the “Fleuve Manche” (Fig. 2.1 A), which connected the terrestrial European
catchment basin to the drainage basins on the Celtic and Armorican continental slopes
(Bourillet et al. 2003). The Whittard canyon system (Fig. 2.1 A) however received sedi-
ment through the Irish and Celtic Sea but there are no known records of a similar fluvial
system (Bourillet et al. 2003). During the last glacial and the ensuing deglaciation, the
Irish Sea Ice Stream (ISIS) transported enormous amounts of fine grained sediment from
the British Irish Ice Sheet (BIIS) while the Fleuve Manche delivered sediment laden melt-
waters from the European Ice Sheet (EIS; Lericolais 1997, Bourillet & Lericolais 2003,
Toucanne et al. 2010). The drowning of the broad shelves at the start of the Holocene
terminated the Fleuve Manche sediment transport to the drainage basins on the northern
Biscay margin by 10 ka BP (Bourillet et al. 2003). Sediment delivery from the Celtic
Sea continued until 7 ka BP, probably due to the onset of glacio-hydroisostatic uplift
of the British Isles after the disappearance of the BIIS (Lambeck 1996, Bourillet et al.
2003). Consequently, the Celtic and Armorican slopes became sediment starved with
predominantly hemipelagic sedimentation (Bourillet et al. 2003, Toucanne et al. 2012)
and a minor terrigenic flux by hydrodynamic reworking of tidal sand ridges on the shelf
(Fig. 2.1 A; Zaragosi 2001, Cunningham et al. 2005, Scourse et al. 2009). The latter
were most likely formed during the last transgression (20 – 12 ka BP) by tidal reworking
of sediments from the Fleuve Manche estuary delta and the ISIS shelf fan (Scourse et al.
2009). Although present-day sediment delivery to the canyons is much reduced compared
to deglacial times, the canyons remain active systems in terms of sediment transport as
a result of tidal resuspension, sediment gravity flows (Amaro et al. 2016) and ongoing
retrogressive mass wasting (Cunningham et al. 2005, Stewart et al. 2014, Carter et al.
2018).

In addition to the sedimentary features formed by gravitational downslope sediment trans-
port, the Bay of Biscay continental slopes are also characterised by sedimentary features
shaped by, often along-slope oriented, bottom currents (Bourillet et al. 2006, Hernández-
Molina et al. 2011, 2016, Llave et al. 2015). The most obvious features are the Contourite
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Depositional Systems (CDS; Fig. 2.1 A) along the North Iberian margin (Ortegal Spur
CDS located within the Ferrol Canyon: Fig. 2.1 B; Hernández-Molina et al. 2010, Le
Danois CDS; Van Rooij et al. 2010). These CDS consist of several depositional contourite
drifts and related erosional features (Rebesco et al. 2014) which have been shaped by
the persistent interaction of the geostrophic Mediterranean Sea Water (MSW) contour
current (Fig. 2.3 A) and the oceanographic processes occurring at its interfaces with the
margin topography (Hernández-Molina et al. 2011, 2016). Although the opening of the
Gibraltar gateway occurred at the end of the Messinian (5.33 Ma; Blanc 2006, Garcia-
Castellanos et al. 2009, Bache et al. 2012, Roveri et al. 2014), the onset of an active
MSW circulation (Khelifi et al. 2009, Rogerson et al. 2012) and hence of the CDS forma-
tion only occurred from the Pliocene onward (Van Rooij et al. 2010, Hernández-Molina
et al. 2014). Their subsequent development was influenced by climate and glacio-eustatic
sea level changes during the Plio-Pleistocene times (Ercilla et al. 2008a, Van Rooij et
al. 2010, Rogerson et al. 2012). On the canyon dominated northern Biscay continen-
tal slopes, sedimentary features generated by the along-slope bottom currents are less
obvious and no CDS have been identified. However, several observations of sigmoidal
structures on the spurs separating the drainage basins, originally interpreted as gravi-
tational creep features, have been reinterpreted as contour current generated sediment
waves (Aquitanian margin; Faugères et al. 2002, Celtic margin; Delivet et al. 2016). Fur-
thermore, several authors (De Mol et al. 2011, Stewart et al. 2014) have suggested that
the asymmetry between the preferentially eroded SE facing canyon flanks and the sedi-
ment draped NW facing flanks on the Celtic and Armorican margins (e.g. the Explorer
and Dangeard Canyons in Fig. 2.1 B; Stewart et al. 2014) results from the influence of
the predominantly poleward slope current (section 2.2).

2.2 Oceanography

2.2.1 The AMOC

The large-scale North Atlantic Ocean circulation, termed the Atlantic Meridional Over-
turning Circulation (AMOC), is an important driver of the European and global climate
(Rahmstorf 2002, Lenton et al. 2008, Buckley & Marshall 2016, Caesar et al. 2018, Thor-
nalley et al. 2018). Furthermore, the long-term winnowing and transport of suspended
particulate matter by the associated bottom currents plays an important role in shaping
the morphology of the continental margins and bathyal oceans (Rebesco et al. 2014,
Hernández-Molina et al. 2016).

2.2.1.1 Surface Circulation

The predominantly wind-driven upper limb of the AMOC is formed by the subtropical
and subpolar gyres (STG and SPG; Fig. 2.3 A; Schmitz & Mccartney 1993, Rossby
1999). The STG transports warm and saline Western North Atlantic Central Water
(WNACW) north-westward in the Gulf Stream (GS) after which it is partly recirculated
southward in the Azores Current (AC; Schmitz & Mccartney 1993, Rossby 1999). The
extension of the Gulf Stream, the North Atlantic Current (NAC; Dietrich 1969, Rossby
1999, Bower et al. 2002, Lavender et al. 2005) carries this water mass, now termed the
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North Atlantic Central Water (NACW; Iselin 1936, Read 2000) across the Atlantic after
which it bifurcates. Part of the water is transported to the Nordic Seas via the Rockall
Trough and the Icelandic Basin (Hansen & Østerhus 2000, Fratantoni 2001, McCartney
& Mauritzen 2001).The other part is advected in the SPG towards the Icelandic Basin
and Irminger Sea by the Irminger Current (IC; Read 2000, Bower et al. 2002) where it
subducts during winter air-sea interaction to form the SubPolar Mode Water (SPMW;
McCartney & Talley 1982, Tsuchiya et al. 1992, Brambilla & Talley 2008). It eventually
reaches the Labrador Sea along the Eastern and Western Greenland currents (EGC &
WGC; Read 2000, Lavender et al. 2005, Brambilla & Talley 2008). The SW edge of the
SPG is formed by the Labrador Current which transports the cold and fresh Sub Arctic
Intermediate Water (SAIW; Bubnov & Astvazaturov 1973) eastwards below the NAC
where it mixes with the overlying NACW (Fig. 2.3 A; Arhan 1990, Read 2000).

Figure 2.3 (preceding page): (A) Bathymetry map of the North Atlantic with a schematic
diagram of the main circulation pathways of surface (full arrows) and intermediate and
deep (dashed arrows) water masses modified from Schmitz & Mccartney (1993), Iorga
& Lozier (1999a), Lherminier et al. (2010), Sarafanov et al. (2012), García-Ibáñez et
al. (2015) and Zou et al. (2017). The black line represents the hydrographic profile
in B, C and D. Water masses and currents are STG: Sub Tropical Gyre, GS: Gulf
Stream,WNACW: Western North Atlantic Central Water, AC: Azores Current, SC:
European Slope Current, stENACW: subtropical Eastern North Atlantic Central Wa-
ter, spENACW: subpolar Eastern North Atlantic Central Water, SPG: SubPolar Gyre,
NAC North Atlantic Current, NACW: North Atlantic Central Water, IC: Irminger
Current, SPMW: SubPolar Mode Water, EGC: East Greenland Current, WGC: West
Greenland Current, LC: Labrador Current, SAIW: Sub-Arctic Intermediate Water,
MSW: Mediterranean Sea Water, DWBC: Deep Western Boundary Current, NADW:
North Atlantic Deep Water, LSW: Labrador Sea Water, ISOW: Iceland-Scotland Over-
flow Water, DSOW: Denmark Strait Overflow Water, eAAIW: eastern Antarctic Inter-
mediate Water, wLDW: western Lower Deep Water and eLDW: eastern Lower Deep
Water. The bathymetry map was created using the marmap R package (Pante & Simon-
Bouhet 2013) with bathymetry data from Amante & Eakins (2009). (B) Hydrographic
profile along the Bay of Biscay margin (for location see A) with salinity (color) and tem-
perature (contour) data averaged (spatially and temporally) over all nearby (50 km) CTD
stations collected between 1972 and 2013 (WOD13; Boyer et al. 2013). (C) θ − S scatter
plot of the averaged CTD data. The grey lines indicate equal potential density σθ. The
black lines represent mixing triangles and their vertices indicate idealised single point
water mass end-members defined as the lower end point of stENACW: [12.2,35.62] (Pol-
lard et al. 1996), lower end point of spENACW [8.56,35.23] (Pollard et al. 1996), MSW
core near Cape St-Vincent [12.01,36.5] (van Aken 2000a), LSW in the western Porcupine
Abyssal Plain [3.428,34.89] (van Aken 2000a), ISOW in the Icelandic Basin [2.227,34.975]
(van Aken 2000a) and LDW above the Madeire Abyssal Plain [1.984,34.889] (van Aken
2000a). (D) Profile of the most abundant water mass end-member mixing proportions
along the Bay of Biscay margin (for loction see A). The end-member proportions were
derived by θ − S mixing triangle calculations (Mamayev 1975) as displayed in C. Figure
B, C and D were made using the oce R package (Dan & Clark 2017).
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The Bay of Biscay is located within the inter-Gyre region along the NE Atlantic boundary
(Fig. 2.3 A). Here, the upper water column (< 700 m) is characterised by Eastern North
Atlantic Central Water (ENACW; Pollard et al. 1996) which is distinguished from the
WNACW by its overall higher salinity (Emery & Meincke 1986). This water mass is
transported by the European Slope Current (SC; Fig. 2.3 A; Pingree & Le Cann 1989,
1990, Pingree et al. 1999, Xu et al. 2015a) which, driven by a combination of wind
stress and oceanic density gradients (Hackett & Røed 1998), is predominantly oriented
poleward and combines with the NAC to form the warm and saline inflow to the Nordic
Sea (McCartney & Mauritzen 2001). In contrast to the NAC however, the SC shows
significant seasonal variability (Xu et al. 2015a) with changes in both current speed
and direction occurring in September/October and again in March/April resulting in a
maximal poleward flow during winter months and equatorward reversals during summer
(SOMA variability; Pingree & Le Cann 1990, Pingree et al. 1999, Xu et al. 2015a). The
ENACW is formed along the European margin by subduction of the seasonal thermocline
waters during winter convection (Pollard et al. 1996, Fiuza et al. 1998, van Aken 2001).
Two end-members of ENACW can be differentiated (Fig. 2.3 C; Pollard et al. 1996).
The upper subtropical stENACW, formed around the Azores, is relatively warm and
saline (Fig. 2.3 B, C) and is transported poleward by the winter slope current (Fig. 2.3
D; Pollard et al. 1996, Fiuza et al. 1998, van Aken 2001) which is termed the Iberian
Poleward Current (IPC) or “Navidad” (Christmas) current around the Iberian peninsula
(Garcia-Soto et al. 2002). The deeper subpolar spENACW, formed in the northern Bay
of Biscay, is relatively fresh and cold (Fig. 2.3 B,C) and it is advected southward during
summer (Pollard et al. 1996, van Aken 2000b) reaching down to 43°N (Fig. 2.3 D) where
a front develops between the spENACW and stENACW (Finisterre Front; Varela et al.
2005).

2.2.1.2 Intermediate and Deep Circulation

In contrast to the wind-driven surface circulation, the intermediate and deep water mass
transport is predominantly driven by density gradients resulting from the surface heat
and salt fluxes (i.e. thermohaline circulation; Stommel 1961, Wunsch 2002, Rahmstorf
2003). An example is the Mediterranean Sea Water (MSW; Fig. 2.3 C) which is formed by
the Gibraltar Strait overflow of warm and saline Mediterranean Outflow Water (MOW)
and entrainment of Atlantic water as it cascades down the Gulf of Cadiz continental
slope (Ambar & Howe 1979a, Iorga & Lozier 1999a, Bozec et al. 2011). After reaching
a buoyant depth (1100 m), one branch of MSW recirculates westward while another
branch is advected northward along the European Continental margin as a density-driven
current conditioned by the coriolis force and the margin topography (Fig. 2.3 A; Iorga
& Lozier 1999b, 1999a). In the Bay of Biscay this water mass is characterised by a
salinity maximum between 800 and 1300 m water depth which can be tracked up to
the Porcupine Seabight (Fig. 2.3 B,D; Iorga & Lozier 1999a, van Aken 2000b). There
has been some controversy on whether or not the MSW reaches beyond the Porcupine
basin and into the Rockall Trough and thus on whether it directly contributes to the
saline inflow of the Nordic Seas or only indirectly contributes salt to the STG which
feeds the NAC and SC inflow (Reid 1979, 1994, Iorga & Lozier 1999b, a, McCartney &
Mauritzen 2001, New et al. 2001, Bower et al. 2002). In an attempt to reconcile these
opposing views, several authors have indicated that the incursion of the MSW into the
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Rockall Trough is controlled by the position of the subpolar front which, being linked to
the atmospheric North Atlantic Oscillation (NAO), has varied significantly over the last
decennia (Holliday 2003, Holliday et al. 2008, Lozier & Stewart 2008).

The lower limb of the AMOC results from buoyancy loss of the surface water and deep
water formation by open ocean and boundary convection in the Labrador and Nordic
Seas and the Arctic Ocean (Marshall & Schott 1999, Spall & Pickart 2001). After its
formation, the dense water, generally referred to as North Atlantic Deep Water (NADW;
Dickson & Brown 1994) is advected southward by, in part, the Deep Western Boundary
Current (DWBC; Fig. 2.3 A; Stommel 1958, Fischer et al. 2004, Schott et al. 2004,
Rhein et al. 2015). The NADW consists of several constituent water masses which are
distinguished based on their properties and place of origin (e.g. Smethie & Fine 2001).
The sinking of SPMW in the Labrador Sea due to intense winter heat loss gives rise to
the fresh and cold Labrador Sea Water (Talley & McCartney 1982, Bersch et al. 2007,
Yashayaev 2007). While part of the LSW is transported within the DWBC as proposed
in the classical view (Bersch et al. 2007, Rhein et al. 2015), the largest part recirculates
in the Labrador Sea and Irminger Basin and spreads southward along interior pathways
(Fig. 2.3 A; Lavender et al. 2000, Fischer & Schott 2002, Bower et al. 2009, 2011, Gary
et al. 2011). The LSW enters the eastern North Atlantic near the Charlie-Gibbs Fracture
zone reaching the Icelandic Basin, Rockall Trough and the Bay of Biscay (Fig. 2.3 A;
Talley & McCartney 1982, Paillet et al. 1998, Lavender et al. 2000, Fischer & Schott
2002) where it is characterised by a salinity minimum around 1800 m depth (Fig. 2.3
B,C,D; van Aken 2000a). The relatively saline and cold deep water formed in the Nordic
Sea re-enters the North Atlantic as it overflows either the Iceland-Scotland Ridge or the
Denmark Strait and mixes with the surrounding water masses (SPMW, LSW and Lower
Deep Water; Mccartney 1992, van Aken 1995) to form the Iceland-Scotland Overflow
Water (ISOW) or Denmark Strait Overflow Water (DSOW) respectively (Fig. 2.3 A;
Hansen & Østerhus 2000, Read 2000, Dickson et al. 2002). As for the LSW, the ISOW
and DSOW water is not only transported by the DWBC, but also spreads along interior
pathways (Gary et al. 2011, Lozier et al. 2013, Xu et al. 2015b, Zou et al. 2017). For
the ISOW in particular, two southward interior pathways, one along the eastern flank of
the Mid-Atlantic Ridge (Gana & Provost 1993, Lankhorst & Zenk 2006, Machín et al.
2006, Xu et al. 2010, Zou et al. 2017) and a minor branch over the Wyville-Thomson
Ridge and through the Rockall Trough (Ellett & Roberts 1973, Sherwin & Turrell 2005,
Chang et al. 2009, Zou et al. 2017) have been identified. Along these pathways ISOW
reaches the Bay of Biscay as indicated by a deep salinity maximum at 2600-2800 m depth
(Fig. 2.3 B,C,D; van Aken 2000a). The bottom water mass in the mid-latitude North
Atlantic is termed the Lower Deep Water (LDW) and its characteristic low temperature,
salinity (Fig. 2.3 B,C,D) and oxygen and high silicate content suggest it is influenced
by the Antarctic Bottom Water (AABW; Mccartney 1992, van Aken 2000a). It enters
the eastern Atlantic Basin (as eLDW) at the Vema Fracture Zone (10°N; Mccartney
1992, Schmitz & Mccartney 1993) after which it flows northward over the abyssal plains
reaching up to the Icelandic basin where it mixes with ISOW (Fig. 2.3 A; Dickson et
al. 1985, van Aken 1995). Together LDW (37-42%), ISOW (18-15%), LSW (41-39%)
and to a minor extent MSW (4-5%) constitute the North Eastern Atlantic Deep Water
(NEADW) within the Bay of Biscay (van Aken 2000a).
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2.2.2 Mesoscale Processes

Although the large-scale circulation, influencing climate and margin morphology over
long time scales, has an important impact on CWC ecosystems (e.g. Frank et al. 2011,
Thierens et al. 2013), mesoscale oceanographic processes controlling bottom currents and
primary productivity in a more direct manner are at least as important (e.g. Duineveld
et al. 2004, White et al. 2005, White & Dorschel 2010).

The dominant mesoscale processes influencing the bottom current regime on the conti-
nental margins occur as perturbations of the density gradient (pycnocline) at water mass
interfaces (Dickson & Mccave 1986, Cacchione et al. 2002, Puig et al. 2004, Hernández-
Molina et al. 2011, 2016). These baroclinic motions occur over a wide range of spatial
and temporal scales and include internal tides, waves and solitons, oceanic density fronts
and eddies (Rebesco et al. 2014, Hanebuth et al. 2015, Hernández-Molina et al. 2016,
Zhang et al. 2016). Some of the water masses circulating in the Bay of Biscay have a
large density contrast, in particular the MSW with respect to the overlying ENACW and
the underlying LSW (Fig. 2.3 C; van Aken 2000b) and hence these processes have been
frequently observed. Baroclinic internal tides are generated where the barotropic tide is
forced over steep topography like continental slopes (Baines 1982, New 1988, Zhang et
al. 2008, Vlasenko et al. 2014). In the Bay of Biscay, two generation regions have been
identified (Pichon et al. 2013): one along the NW corner of the Iberian margin (Azevedo
et al. 2006, Pichon & Correard 2006) and the other along the Armorican and Celtic mar-
gins (Baines 1982, Pingree & Mardell 1985, Pingree et al. 1986, Serpette & Mazé 1989)
with the latter being one of the global hotspots of internal tide generation (Vlasenko et
al. 2014). The baroclinic tides either dissipate on the continental slope, inducing high
bottom currents (Cacchione et al. 2002, Pomar et al. 2012, Lamb 2014) or radiate out-
ward to the shelf and ocean interior as internal tide beams following characteristic lines
tangential to the topography (Fig. 2.4 a; New 1988, Pingree & New 1989, Pichon et al.
2013, Vlasenko & Stashchuk 2015). The oceanward beam then reflects either from the
ocean floor (Fig. 2.4 b; New & Pingree 1990) or from the deep permanent pycnocline
forming a secondary beam (Fig. 2.4 d; Vlasenko & Stashchuk 2015). Where the reflected
internal tide beams interact with the sharp seasonal pycnocline, interfacial internal tides
and large amplitude non-linear “solitary” waves (solitons) are created (Fig. 2.4 c & e;
Azevedo et al. 2006, Pichon et al. 2013, Vlasenko & Stashchuk 2015) which have been
observed throughout the Bay of Biscay (New & Pingree 1990, 1992, Pingree & New 1995,
New & Da Silva 2002, Azevedo et al. 2006). Mesoscale eddies are vortices that arise from
instabilities in horizontally sheared flow (e.g. Holland 1978) or by slumping of horizontal
density gradients (baroclinic instability; e.g. Vallis 2017). Eddies associated with the
MSW contour current (so-called meddies) are of particular influence on the southern Bay
of Biscay continental slope (Fiuza et al. 1998, Paillet et al. 2002, Serra et al. 2010,
Hernández-Molina et al. 2016).
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Figure 2.4: Amplitude of the horizontal velocity along a profile across the Celtic margin
(9°30’W; 48°15’N-47°N) simulated using weakly nonlinear theory and the MIT general
circulation model assuming a density profile derived from the Levitus data according
to Vlasenko & Stashchuk (2015). Indicated are: (a) the generation of an internal tide
beam on the upper slope which follows characteristic lines (white dashed lines); (b) beam
reflection off the ocean floor; (c) interaction of the reflected tide beam with the seasonal
pycnocline (50 m depth) resulting in the generation of solitons; (d) secondary tidal beam
formation by partial reflection off the permanent pycnocline (900 m depth); (e) secondary
beam reflection off the seasonal pycnocline. Image courtesy of Vlasenko & Stashchuk
(2015).

An important process influencing surface primary productivity is the upwelling of deep,
cold and nutrient rich waters to the photic zone (e.g. Pauly & Christensen 1995, Lorenzo
et al. 2005, Garcia-Soto & Pingree 2009, Perez et al. 2010). Coastal upwelling is a com-
mon phenomenon along eastern ocean boundaries and a well-known upwelling system
occurs along the (N)W Iberian margin (Wooster et al. 1976, Fiúza 1983, Santos et al.
2011). It develops during spring-summer as a result of alongshore northerly winds which
push the surface water offshore by Ekman transport, allowing deep waters to reach the
surface and an equatorward along-shore current to develop (Haynes et al. 1993, Peliz et
al. 2002, Relvas et al. 2007). Less well studied, is the shelf-edge upwelling system along
northern Bay of Biscay (Dickson et al. 1980, Pingree et al. 1986). For a long time, the
process responsible for the upwelling were not understood although early work conjec-
tured that it resulted from upward mixing of deep waters by large internal tides (New
1988, New & Pingree 1990). A more recent observational study by Porter et al. (2016)
has linked the development of the Celtic margin upwelling system to the strength and
direction of the slope current with episodes of upwelling/downwelling occurring during an
equatorward/poleward slope current. In this process, the presence of canyons narrower
than the local Rossby radius of deformation causes the geostrophic balance of the purely
along slope flow to break down (Brink 1998). The unbalanced pressure gradient force
induces a cross slope flow component allowing upwelling or downwelling along the canyon
axes depending on its direction (Allen & Durrieu de Madron 2009, Allen & Hickey 2010).
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Chapter 3

Methods

This dissertation consists of a compilation of research articles which have their own ded-
icated material and method sections covering the specifics of the data collection and
analysis. This chapter however introduces the practical and theoretical background of
the applied methods which is too verbose for the article format. While this results in
some redundancy, it allows the reader to gain a more thorough understanding of the
underlying principles required to evaluate the results presented in this dissertation. This
multidisciplinary study is based on a broad array of scientific methods and this chap-
ter has thus been subdivided in sections covering the different types of collected data
(geophysical, video, oceanographic, and geochemical data). In addition, a short section is
dedicated to the collection of the coral samples from which geochemical data were derived.
The novel samples and data upon which this dissertation is built were collected during
three campaigns with the research vessel RV Belgica and the summarised meta data are
displayed in table 3.1.

Table 3.1: Summary of novel data used in this work grouped by sampling campaign and
region.

Data Description Type of Data Amount of Data Data collection device

RVBelgica09/14a - NW Iberian Margin
multibeam bathymetry Geophysical 624 km2 Simrad EM1002
multibeam backscatter Geophysical 624 km2 Simrad EM1002
single-channel seismic profiles Geophysical 130 km SIG sparker and streamer
CTD Oceanographic 2 casts Seacat SBE-19 deep-water CTD

RVBelgica09/14c - NW Iberian Margin
single-channel seismic profiles Geophysical 240 km SIG sparker and streamer

Seafloor video positioning Meta 4 km IXSEA GAPS USBL
Seafloor video footage Video 2.5 hrs ROV Genesis
CWC carbonate crystallography Geochemical 3 samples Panalytical XRD at GEOSP
CWC U-Th age Geochemical 3 samples ThermoScientific NeptunePlus MC-ICP-MS at LSCE

RVBelgica2014/16 - Celtic Margin
Core positioning Meta 2 sites IXSEA GAPS USBL

Core acquisition Meta 443 cm Vibrocorer of British Geological Survey
X-ray computed tomography Meta 2 cores SOMATON Definition Flash at UZ Ghent
CWC carbonate crystallography Geochemical 32 samples Panalytical XRD at GEOSP
CWC U-Th age Geochemical 32 samples ThermoScientific NeptunePlus MC-ICP-MS at LSCE
CWC neodymium isotopes Geochemical 24 samples ThermoScientific NeptunePlus MC-ICP-MS at LSCE
CWC trace elements Geochemical 29 samples ThermoScientific quadrupole ICP-MS XseriesII at LSCE
CWC radiocarbon age Geochemical 16 samples ECHoMICADAS at LSCE

27
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3.1 Geophysical data

The geophysical data used in this work are collected by means of active source reflection
seismology. This method uses a source to emit a seismic P-wave (compressional body
wave which oscillates in the direction of travel of the wave front) toward the seabed after
which a receiver records the reflected echo. The seismic wave travels at a velocity v
related to the acoustic impedance Z of the medium through which it travels:

Z = ρv (3.1)

where ρ is the density of the material (Reynolds 2011, Kearey et al. 2013). As the wave
travels from a medium with impedance Z1 to a medium with a different impedance Z2
(e.g. from water to the seabed or between geological layers with different properties; Fig.
3.1) part of the wave is reflected off the interface while the other part is transmitted. The
ratio of the reflected amplitude Ar to the incident amplitude A0 is termed the reflection
coefficient R which depends on the difference in Z and, for a normally incident wave, is
given by the Zoeppritz equation (Zoeppritz 1919, Kearey et al. 2013):

R = Ar

A0
= Z2 − Z1

Z2 + Z1
(3.2)

Figure 3.1: The convolutional model of a reflection seismic trace where the trace is
a convolution of the input seismic pulse and the reflectivity function. The reflectivity
function is related to the reflection coefficient R profile by the seismic velocity v profile
which in turn is related to the physical properties (acoustic impedace Z) of the geological
layers. Image modified from Kearey et al. (2013).
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The signal of the reflected seismic wave as recorded at the sea surface, called a seismic
trace, is a time series (measured in two-way travel time, TWT) resulting from the convo-
lution between the emitted seismic wave and the reflectivity function (Fig. 3.1; Kearey et
al. 2013). The latter is also a time series which is related to the R depth profile through-
out the water column and geological succession by the seismic velocity v profile (Fig. 3.1;
Kearey et al. 2013). By combining traces at different locations in a seismogram, the
impedance structure of the water column and subsurface can be imaged. An important
parameter which varies between the different applications of this principle is the fre-
quency of the seismic waves applied (Fig. 3.2; Kearey et al. 2013). High frequency waves
have a short wavelength allowing to construct a high resolution image of the subsurface.
However, they attenuate more rapidly than lower frequency seismic waves, limiting their
subsurface penetration. In contrast, low frequency (long wavelength) seismic waves can
penetrate deep into the subsurface but sacrifice on the attainable resolution of the image.
In this work, two different acoustic methods based on the above principles have been ap-
plied: (1) sparker seismic reflection profiling and (2) multibeam echosounder bathymetry
and backscatter.

Figure 3.2: Frequency spectrum of seismic waves used in different seismic applications.
The methods used in this work are indicated in red. Image courtesy of Kearey et al.
(2013).

3.1.1 Sparker seismic reflection profiling

This work has focussed on the relative shallow (~100 m below seafloor) subsurface struc-
ture of seafloor features (coral mounds, contourite drifts). Therefore a sparker seismic
source was used which operates in the mid-range frequencies (200-3000 Hz centered
around 800 Hz; Fig. 3.2) allowing a sufficiently high resolution image (maximum ver-
tical resolution of ~2 m; Kearey et al. 2013) of the upper geological sequences to be
constructed. The sparker source is a fishbone shaped collection of electrodes which is
towed behind the vessel just below the sea surface (Fig. 3.3). By discharging a large
capacitor bank, the electrical potential between the electrodes creates a rapidly growing
plasma bubble resulting in a broadband acoustic pulse (Kearey et al. 2013). In this work,
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a SIG sparker with 120 electrodes and an energy output of 500 J was used. In order to
record the reflected acoustic pulse, a streamer consisting of an oil filled tube with regu-
larly spaced hydrophones is also towed behind the ship (Fig. 3.3). After each emitted
acoustic pulse, the hydrophones record the reflected signal for an appropriate length of
time (e.g. 3s depending on the water depth). In this work a single channel setup was used
where the signals recorded in each hydrophone are summed into a single seismic trace to
improve its signal-to-noise ratio (Kearey et al. 2013). Each trace is then linked to an
absolute position (shot point), derived from the vessel’s Differential Global Positioning
System (DGPS; Fig. 3.3) at time of recording and the traces are combined into a seis-
mogram along the vessel track (Fig. 3.4). Impedance changes between sediment bodies
with different characteristics will then show up as laterally continuous amplitude peaks,
termed reflectors (Kearey et al. 2013), throughout the traces of the seismogram (Fig.
3.4). The drawback of this relatively simple single-channel setup is that, in comparison
to more complicated multi-channel setups where multiple seismic traces are recorded at a
series of known distances from the source, no information on the velocity profile through-
out the subsurface can be derived (Kearey et al. 2013). The resulting seismogram (Fig.
3.4), recorded in TWT can thus not be converted to a depth profile. Nevertheless, it
provides a good, albeit somewhat vertically distorted, image of the subsurface which is
sufficient for the qualitative classification of seafloor features performed in this work.

Figure 3.3: Illustration of the geophysical data collection setup. The Differential Global
Positioning System (DGPS) allows to determine the absolute position of the research
vessel based on Global Positioning System (GPS) sattelites and differential corrections by
comparison with fixed ground-based stations. Seismic reflection profiling of the subsurface
is performed using a sparker seismic source and a hydrophone streamer as receiver. Swath
bathymetry and backscatter of the seafloor is collected with a multibeam echosounder
(MBES). This image was modified from Rebecca et al. (2016).

Several processing steps were applied to improve the image quality of the seismogram.
An initial analogue band-pass filter (high pass at 200 Hz and low pass at 3000 Hz) was
applied during data collection to improve the signal-to-noise ratio of the raw seismogram
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(Fig. 3.4 A). After data collection several additional post-processing steps were performed
using the RadexPro 2013.1 software (Fig. 3.4 B): (1) A swell filter which averages out the
vertical displacement between adjacent traces caused by the swell during data collection;
(2) A burst noise removal which corrects noisy traces in the seismogram; (3) A spherical
divergence correction which corrects for the loss in amplitude as the seismic wave is
reflected from progressively deeper reflectors; (4) An additional digital band-pass filter
(Butterworth filter with a low-cut frequency at 200 Hz, a low-cut slope of 24 dB/decade,
a high-cut frequency of 1500 Hz and a high-cut slope of 36 dB/decade) to further improve
the signal-to-noise ratio.

Figure 3.4: Detail of a seismogram (left) and power spetrum (right) of the raw sparker
reflection seismic data (A) and post-processed (amplitude correction, burst noise removal
and digital band-pass) data (B) collected during the 2009 RV Belgica campaign.

3.1.2 Multibeam echosounder: bathymetry and backscatter

The primary aim of an echosounder is to investigate the first major reflection of the
emitted seismic wave which originates from the impedance change at the water-seafloor
interface. As no deep seafloor penetration is required, echosounders consist of transceiving
transducers which produce and record seismic waves at the higher end of the frequency
spectrum (typically 12-400+ kHz depending on water depth; Fig. 3.2; Hellequin et al.
2003). Two properties of the seafloor reflection are of importance: (1) The time between
the emitted pulse and recorded reflection which, given the sound velocity profile of the
water column derived by a sound velocity probe, allows to determine the bathymetry
(Brekhovskikh & Lysanov 2003). (2) The amplitude of the reflected and scattered pulse,
known as the backscatter intensity, relates to a number of seafloor characteristics like
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sediment grains size parameters and the nature and magnitude of the seabed roughness
(Ferrini & Flood 2006). MultiBeam EchoSounders (MBES) use beam forming (breaking
up of the acoustic wave front into a series of directional transmitting and receiving beams
by constructive and destructive interference of the waves) in order to simultaneously
collect seafloor soundings in a broad swath perpendicular to the ship track (Fig. 3.3;
Hughes Clarke et al. 1996, Lurton 2002). The location of reflection, bathymetry and
backscatter intensity is then determined for discrete angular increments across the swath.
This is performed by calculating the refracted beam path based on the acquired sound
velocity profile (ray tracing) and taking into account the ships motion (pitch, roll and
heading) which is recorded by a motion sensor (Clay & Medwin 1977, Lurton 2002). By
combining the relative position of the soundings to the vessel with its absolute position
derived from a DGPS (Fig. 3.3), the bathymetry and backscatter intensity can be mapped
to absolute coordinates (Lurton 2002). In this work the hull-mounted Simrad EM1002
MBES installed on the RV Belgica was used with the center sector (inner ± 50° swath
centered at nadir) operating at 98 kHz and the outer sectors (outer ±20° swath) operating
at 93 kHz. MBES data are prone to artefacts caused by a number of processes which need
to be corrected to prevent interpretation errors: (1) Static or dynamic time offsets between
soundings and motion sensor output or false motions by horizontal accelerations can cause
artefacts orthogonal to the vessel track (Hughes Clarke et al. 1996). (2) As the beam
angle becomes wider, the amplitude of the seafloor reflection in the recorded acoustic
pulse decreases (Hughes Clarke et al. 1996, Lurton 2002). While amplitude detection
methods are able to automatically determine the seafloor reflection in the inner beams,
other interferometric methods are more robust for the oblique beams (Hammerstad et al.
1991, Lurton 2002). Still, erroneous soundings are unavoidable and need to be manually
removed. The backscatter intensity also needs to be corrected for this effect, often by
assuming a simple spherical spreading of the beam along its path and an attenuation
coefficient of the water column (Hughes Clarke et al. 1996, Lurton 2002). (3) If sound
velocity profiles of the water column are inaccurate or are not acquired frequently enough,
the refracted beam path will differ from the predicted one. This especially affects the
outer beams resulting in an artificial convex or concave bathymetry across the vessel track
over a truly flat seafloor and also requires additional correction of the backscatter intensity
(Hughes Clarke et al. 1996, Lurton 2002). (4) Furthermore, backscatter intensity also
needs to be corrected for variations in the emitted acoustic pulse and for the local slope
of the seafloor. The post-processing of the MBES data in this work was performed using
the IFREMER CARAIBES software v3.4 after which the data were gridded by averaging
the soundings in a 5 and 15 m cell size using the Fledermaus 6.7.0 k Professional software.

3.2 Video data

The collection of seafloor video data allows to groundtruth mounded features detected on
bathymetry and backscatter intensity maps as CWC mounds. Furthermore, it allows to
identify which species are present and whether the CWC reef is an actively growing reef or
a fossil structure. Seafloor footage was acquired with a Remotely Operated underwater
Vehicle (ROV) and accurately located using the IXSEA Global Acoustic Positioning
System (GAPS).
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3.2.1 Remotely Operated Vehicle

An ROV is a remotely controlled submarine equipped with, in its most basic configuration,
highly manoeuvrable thrusters for mobility and lights and cameras for visibility. In this
study we have made use of a Sub-Atlantic Cherokee type ROV named “Genesis” which
comes equipped with a tether management system (TMS; Fig. 3.5 A). The TMS acts as
a garage-like container for the ROV that is lowered near to the seabed from a winch on
the vessel and which contains a 200 m long tether for the ROV (Fig. 3.5 A & B). It has
the advantage that the ROV’s manoeuvrability is not affected by the vessel’s motion (in
particular the heave) and not limited by the drag of a long cable running to the vessel.
During the couse of this study, the ROV Genesis was equipped with a camera unit (Fig.
3.5 A) consisting of a colour camera (Kongsberg OE14-366/367, 460 TV lines, 0.02 lux
sensitivty) and a black and white camera (Kongsberg OE15-100a, 560 TV lines, 0.0013
lux sensitivity) for the collection of video data as well as a digital stills camera (Kongsberg
OE14-208, 5MP, 0.02 lux) to produce high resolution images allowing identification of
seabed organisms. Furthermore, it contained a rear black and white camera (Kongsberg
OE1358, 570 TV lines, 0.004 lux sensitivity) for re-entry in the TMS which was also fitted
with a generic black and white camera. In addition, it had an altimeter and a forward
looking sonar for obstacle avoidance (Fig. 3.5). The position of the ROV on a bathymetry
map was determined by means of an acoustic positioning system (section 3.2.2). Two laser
lights providde a scale of the objects being photographed. A hydraulic arm allowed to
manipulate objects and take seabed samples that were stored in a deployable sample
tray (Fig. 3.5 A). This was used to collect a large coral sample for geochemical analysis.
Sensors for conductivity, temperature and pressure collected oceanographic data.

3.2.2 Global Acoustic Positioning System

Although DGPS allows to accurately triangulate the position of the research vessel, it
cannot be used to track submerged equipment since its radio signals do not penetrate
water. In the subsea setting however, Ultra Short Baseline (USBL) positioning allows to
triangulate an object’s position relative to the vessel by using acoustic signals ( i.e. seismic
waves) and a closely spaced (hence “ultra short”) array of hydrophones. In this study we
have used the IXSEA Global Acoustic Positioning System (GAPS) which combines both
technologies (DGPS and USBL) to provide a real time, absolute position of the submerged
object (Audric 2004). The GAPS systems consists of five components (IXSEA 2005): (1)
a transponder mounted to the object to be tracked (e.g. ROV, TMS; Fig. 3.5 A), (2) a
transceiver (the GAPS unit; Fig. 3.5 C) which consists of a transducer and an array of
hydrophones mounted below the vessel (3) a DGPS antenna; (4) an inertial navigation
system (INS, integrated into both the GAPS unit and DGPS) which derives the pitch, roll
and heading based on a set of gyroscopes and accelerometers and (5) a computer to calcu-
late and output the location of the submerged object. The system works as follows (Fig.
3.5 B; IXSEA 2005): First, the GAPS unit transducer sends an interrogation signal to
the transponder mounted on the submerged objects which responds with its own acoustic
signal. The latter signal is picked up by the four hydrophones on the GAPS unit and the
computer calculates the relative direction and distance of the transponder based on the
phase differences between the signals recorded in each hydrophone and the elapsed time
between the interrogation and reply signals. The direction and distance are corrected for
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roll, pitch and heading which affect the position of the GAPS unit. The relative position
of the transponder to the GAPS unit (and its offset to the DGPS) is then combined with
the absolute position of the DGPS to determine the raw absolute transponder position.
Finally, this raw position feeds a Kalman filter which outputs a real time estimation of
the transponders global position with a precision of 0.06% of the deployment distance
(0.15 tot 0.3 m at operational depth of 250-500 m). This position can then combined with
the video data stream of the ROV based on their respective timestamps which allows to
map the interpretation of the seafloor substrate to a bathymetry map. The latter was
done using the Ocean Floor Observation Protocol (OFOP v. 3.2.0) software (Huetten &
Greinert 2008).

Figure 3.5: (A) Image of the Remotely Operated underwater Vehicle (ROV) Genesis in-
side the Tether Management System (TMS) cage on board of the RV Belgica. Indicated
are the ROV transponder, sonar, camera unit, hydraulic arm and sample tray. Image
courtesy of Lies de Mol. (B) Illustration of the ROV, TMS and Global Acoustic Position-
ing System (GAPS) set up. Image courtesy of IXSEA (2005). (C) Image of the GAPS
transceiver unit on board of the RV Belgica. Indicated are the hydrophone array covered
by protective caps, the transducer and the over-the-side mounting beam.

3.3 Oceanographic data

Oceanographic data were collected by means of a Conductivity, Temperature and Depth
(CTD) probe. Although depth is not measured directly, it is derived from the measured
hydrostatic pressure (McDougall & Barker 2011). The conductivity of seawater is related
to its salt content allowing the practical salinity S to be calculated by removing the tem-
perature and pressure dependencies of the conductivity according to the Practical Salinity
Scale 1978 (PSS-78; UNESCO & SCOR 1981). The acquired temperatures are corrected
for pressure dependency to produce the potential temperature θ (the temperature a wa-
ter parcel would have if it is adiabatically brought to the reference pressure at the sea
surface) which is a conservative water property unaffected by vertical water motion and
turbulence (Fofonoff & Millard Jr 1983). In this work we have used θ and S as defined in
the UNESCO 1980 equation of state (Fofonoff & Millard Jr 1983), rather than the more
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recently defined equivalent measures conservative temperature Θ and absolute salinity
SA in the Gibbs seawater thermodynamic equation of state (TEOS10; IOS et al. 2010)
in order to be compatible with the literature on the water masses in the North Atlantic
(e.g. Pollard et al. 1996, van Aken 2000b). From θ and S (technically first converted
to Θ and SA), the potential density σθ of seawater, the primary driving force for ocean
circulation, was calculated according to TEOS10 (IOS et al. 2010).

Water masses can be characterised by their θ and S property and since these properties
are conserved as they are transported through the ocean basin, the θ − S diagram can
be used to identify the presence of different water masses in a particular region (e.g. van
Aken 2000b, 2000a, 2001). If different water mass end-members (a, b, c) are assumed
as points on the θ − S diagram ([θa, Sa], [θb, Sb] and [θc, Sc]), their relative proportions
(pa, pb, pc) for a measurement point [θ, S] within a mixing triangle with the end-members
as vertices, can be calculated by solving the linear system of equations (Fig. 2.3 C & D;
Mamayev 1975):

θa θb θc

Sa Sb Sc

1 1 1


pa

pb

pc

 =

θ
S
1

 (3.3)

The CTD data in this work were collected using a Seacat SBE-19 deep-water CTD profiler.
A particular CTD deployment only determines the parameters at one point in time. Since
water mass properties vary significantly in time (tidal, seasonal and lower frequency
variations) the collected data were combined with CTD data from the World Ocean
Database 2013 (WOD13; Boyer et al. 2013) in order to construct a more comprehensive
view of ocean properties. The θ and S were determined according to Fofonoff & Millard Jr
(1983), while σθ was determined with the Gibbs Seawater Oceanographic (GSW) toolbox
(IOS et al. 2010, McDougall & Barker 2011), both implemented in the ‘oce’ R package
(Dan & Clark 2017).

3.4 CWC sample collection

In recent years, CWC have proven to be vital geochemical archives for reconstructing past
changes in intermediate depth ocean circulation at an unprecedented resolution (Colin
et al. 2010, Copard et al. 2010, Montero-Serrano et al. 2013, Robinson et al. 2014,
Bonneau et al. 2018). However, the collection of semi-continuous CWC records for the
construction of geochemical time series is not an easy feat. In this work, sediment cores of
a CWC mini-mound were acquired by means of a USBL guided vibrocoring system. After
core acquisition, an initial, non-destructive view of its content was obtained using X-ray
computed tomography (CT) which was especially useful to determine if the sediment
core contained CWC framework. If the latter was found to be true, special precautions
(freezing and sawing rather than slicing with a wire) were taken as the sediment core
was cut open along its long axis in order to not disturb the core contents. After an
initial visual description and physical properties logging of the opened sediment core (not
described here), CWC samples were carefully extracted.
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3.4.1 Sediment core acquisition

Sediment cores are generally acquired by pushing a pvc liner contained in a steel barrel
into the seafloor in order to obtain a stratigraphic record of the seafloor deposits. Sed-
iment cores can be extracted with several different methods which differ mainly in the
means by which the barrel is pushed into the seafloor (e.g. gravity core, piston core, rock
drill; Weaver & Schultheiss 1990). In this study we have made use of a 3 m vibrocorer
(Fig. 3.6) supplied by the British Geological Survey (BGS). It consists of a tripod rig
which is lowered down to the seabed after which the barrel is pushed in the sediment by,
as the name suggest, an electrically driven vibrating weight at the top which can exert
a force of 6 tonnes at 50 Hz (Weaver & Schultheiss 1990). At the end of the liner, a
core catcher allows for sediment to go in but prevents it sliding back out as the core is
retrieved into the rig by an attached winch. Novel in our approach was to attach large
batteries to the rig (Fig. 3.6) which powered the vibrating motors rather than to supply
power through a long umbilical cable as in the classic system (Ardus et al. 1982). This
allowed to save precious deck space on the vessel and greater deployment depth but had
the downside that the autonomous system could not be monitored from the vessel. In
addition, a GAPS transponder (section 3.2.2) was also attached to the rig allowing to
accurately locate the core position on the relatively small CWC mini-mounds. The major
advantage of using a vibrocorer over other techniques is that it can consistently sample
harder substrates (e.g sand, stiff clays; Weaver & Schultheiss 1990) often found on top of
CWC mounds. Furthermore, the use of USBL-positioning allowed precise placement of
the vibrocoring rig on top of the relatively small coral mounds. Although this coring tech-
niques may suffer from different types of core deformation (e.g. sediment deflection, shear
failures, core shortening, liquefaction and textural rearrangement; Smith 1984, Morton
& White 1997, Finkl & Khalil 2005) these have no important impacts on the results of
this work as each coral sample was individually dated (see section 3.5.3) and hence the
resulting age model does not rely on the assumption of an intact stratigraphic order of
the sediment. After retrieval of the rig, the sediment filled liner was removed from the
barrel, cut into 1 m sections and preserved in cold storage.
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Figure 3.6: Deployment of the British Geological Survey (BGS) 3 m battery-operated
autonomous Vibrocorer from the RV Belgica.

3.4.2 X-ray computed tomography

X-ray computed tomography (CT) is a non-destructive technique which allows to visualise
the internal 3D structure of an object based on the variable attenuation of X-rays by the
different structural elements (Kak & Slaney 1988). Attenuation of X-rays, defined as
the reduction in intensity of an X-ray beam as it traverses matter, results either from
photoelectric absorption, Compton scattering or pair production (Krane & Halliday 1988,
Ketcham & Carlson 2001) and is affected by both properties of the material (density ρ and
atomic number Z) as well as properties of the X-ray beam (energy and number of photons;
McKetty 1998). For geological materials at operational energy of a medical CT system
(50-120 keV), the interaction between the beam and the material is predominantly by
photoelectric absorption and to a minor extent by Compton scattering (Krane & Halliday
1988, Ketcham & Carlson 2001). The linear attenuation coefficient µ of a material is
defined as the differential (infinitesimal change) in the fractional beam intensity dI

I
as it

traverses an infinitesimal distance dz through that material (Krane & Halliday 1988):

µ
(
cm−1

)
= − dI

Idz
(3.4)

The transmitted beam intensity I along a path z through the material with path length
L can then be expressed by solving differential equation (3.4) to find the Beer-Lambert
law:
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I = I0e
−
∫ L

0 µ(z)dz (3.5)

where I0 is the initial incident beam intensity. CT aims to reconstruct the internal
variations of µ in the scanned object by illuminating the object from all angles and using
the measured transmitted intensities (projections) to calculate a 2D cross section or slice
using a tomographic reconstruction algorithm (Kak & Slaney 1988, Bruyant 2002). This
is accomplished by rotating either the object or the X-ray source and detector as is the
case in medical CT. Multiple 2D slices acquired at incremental distances along the object
axis can then be combined into a 3D representation of the object (Kak & Slaney 1988).
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Figure 3.7: Linear attenuation coefficient µ of different minerals at variable photon en-
ergy. The data were calculated by multiplying the mineral density with its total mass
attenuation (with coherent scattering) derived from the NIST XCOM database.

CT, originally developed for medical purposes, has seen an increased application in the
geosciences (e.g. Ketcham & Carlson 2001, Cnudde et al. 2006) and has recently been
used in the investigation of sediment cores derived from CWC mounds (Eisele et al. 2014,
Titschack et al. 2015, Victorero et al. 2016). Even though the density of the CWC
skeleton (aragonite: 2.83 g/cm3; calcite: 2.71 g/cm3) is similar to that of the surrounding
sediment matrix (e.g. quartz: 2.65 g/cm3; orthoclase: 2.59 g/cm3), their attenuation
coefficient µ can be differentiated at the relatively low energy (50-120 keV) of a medical
CT system due to the presence of calcium in their crystal lattice (Fig. 3.7; Ketcham &
Carlson 2001). In this study, the sediment cores were scanned at an energy of 120 keV
and a source/detector rotation frequency of 1s using a medical SOMATON Definition
Flash CT system installed at the Ghent University hospital. The resulting CT images
have a horizontal resolution of 0.2 mm and vertical resolution of 0.6 mm (Fig. 3.8). The
voxel values in the medical CT images are expressed as Hounsfield Units (HU) which is
a linear transformation of the measaured linear attentuation coefficients µ according to:

https://www.nist.gov/pml/xcom-photon-cross-sections-database
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HU = 1000 ∗ µ − µwater

µwater

(3.6)

where µwater is the linear attenuation coefficienct of distilled water which thus gets as-
signed the HU value of 0 (Zatz 1981). These images were analysed qualitatively with
VGStudio software v2.2 to investigating the coral content of the cores prior to opening
and to select suitable CWC fragments for sampling (Fig. 3.8).

Figure 3.8: (A) 3D rendered CT image of the top section of core +48-010-206VE which
shows downcore changes in CWC content and allows to visualise the skeletons of indi-
vidual coral polyps. This image was created using VGStudio v2.2 by only rendering the
voxels with HU values higher than 1600 as indicated in red in the HU value histogram of
the CT image (B).
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3.5 Geochemical data

The merit of CWC as palaeoceanographic archives is in part related to the fact that
the uranium rich aragonitic skeletons can be precisely dated using the U-Th method
(Lomitschka & Mangini 1999, Cheng et al. 2000, Douville et al. 2010). However, accu-
rate ages can only be achieved if contaminant phases, carrying initial Th, are meticulously
removed (Copard et al. 2010, van de Flierdt et al. 2010, Crocket et al. 2014, Struve et al.
2017) and if the skeleton has remained a closed system to the U decay series (Robinson et
al. 2006, Dutton & Lambeck 2012). Therefore, it is required that samples are physically
and chemically cleaned (Copard et al. 2010) and that potential diagenetic recrystal-
lization of coral aragonite to the more stable calcite is checked using X-ray diffraction
crystallography.

In addition to the CWC potential for robust age model construction, several promising
palaeoceanographic proxies derived from CWC skeletons have been developed (state-of-
the-art review in Robinson et al. 2014). The neodymium isotopic composition of seawater
has proven to be a reliable proxy for water mass provenance (Blanckenburg 1999, Lacan
& Jeandel 2004a, b, 2005a, Lacan et al. 2012, Lambelet et al. 2016, van de Flierdt
et al. 2016, Dubois-Dauphin et al. 2017a) and CWC skeletons have been shown to
preserve this property from the ambient water in which they developed (Copard et al.
2010, van de Flierdt et al. 2010, Struve et al. 2017). Less successful has been the
development of a temperature proxy as the conventional carbonate temperature proxies
δ18O and trace element ratios (e.g. Sr/Ca, Li/Ca and Mg/Ca) in CWC skeletons are
dominated by non-environmental factors, termed “vital effects” (Weber 1973, Smith et
al. 2000, 2002, Adkins et al. 2003, Rollion-Bard et al. 2003, 2010, Cohen & Gaetani
2006, Gagnon et al. 2007, Meibom et al. 2008, Case et al. 2010, Montagna et al. 2014).
However, the recent discovery of an exponential regression relation between temperature
and the Li/Mg trace element ratio in CWC has shown great promise and at the time of
this work provided state-of-the-art precision for reconstructing past temperatures from
CWC skeletons (Montagna et al. 2014). Furthermore, radiocarbon concentration in
CWC skeleton seem to be predominantly obtained from the dissolved inorganic carbon
(DIC) in seawater with only a minor contribution of organic carbon (Adkins et al. 2002).
By combining the CWC’s U-Th age with its radiocarbon age, the radiocarbon reservoir
effect in seawater, an important proxy for the deep ocean overturning rate, can be directly
measured (Adkins et al. 1998, Mangini et al. 1998, 2010, Schröder-Ritzrau et al. 2003,
Frank et al. 2004, Robinson et al. 2005, Burke & Robinson 2012, Wilson et al. 2014, Chen
et al. 2015). An additional advantage of using CWC skeletons, is that they usually consist
of sufficient carbonate material to analyse multiple proxies on a single coral sample. The
resulting multivariate palaeoceanographic time series are superior to single proxy studies
in that they allow to discriminate between multiple competing hypotheses about the
palaeoenvironmental processes being recorded.

3.5.1 Sample selection and preparation

An initial sample selection aimed to pick the largest coral pieces in order to have suffi-
cient material for multiple proxy measurements on a single sample. This was performed
using the CT scans preventing unnecessary damage to the sediment cores and allowing
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to precisely determine the samples orientation and depth position. The selected coral
branches were extracted from the sediment matrix by carefully removing the surrounding
sediment with a spatula (Fig. 3.9 A). The samples was subsequently flushed with dem-
ineralised water to further remove the remaining sediment after which they were air-dried
(for approximately 20 min) and weighed. At this stage, a second visual sample selection
was performed to eliminate weathered coral specimens and specimens showing a visible
black ferromanganese oxyhydroxy coating (hereafter Fe-Mn coatings; Fig. 3.9 B; Cheng
et al., 2000).

Figure 3.9: Images of a coral sample at different stages of sample preparation.

The selected coral pieces were subsequently cleaned in order to remove contaminant
phases like detrital material and any inconspicuous Fe-Mn coatings. These contaminants
have relatively high concentrations in both thorium and neodymium and hence have the
potential to bias the U-Th age and neodymium isotopic composition of the sample (Co-
pard et al. 2010, van de Flierdt et al. 2010, Crocker et al. 2016, Struve et al. 2017).
This work has adopted the cleaning procedure described in Copard et al. (2010): Ini-
tially, the coral polyps were cut open along their growth axis using a diamond blade saw
and leftover sediment was removed from in between the coral septa with pincers. In the
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subsequent physical cleaning step, all exposed surfaces were ground off using a diamond
blade saw to produce a translucent aragonite crystal (Fig. 3.9 C). A binocular microscope
was used to detect and remove small, deep cavities containing trace amounts of sediment.
The samples were then chemically cleaned by a weak acid leach with 0.5 M ultrapure
HCl in an ultrasound bath followed by several rinse cycles with Milli-Q water. After air
drying overnight under laminar flow in a clean room, the samples were broken into 1-2
mm fragments (Fig. 3.9 D) with an agate mortar and pestle in order to subdivide them
into subsamples representative of the average bulk composition of the entire coral polyp.
The subsampling was done using a plastic spatula. The leftover fragments from crushing
were pulverised with an agate mortar and pestle in order to determine the calcite and
aragonite percentages of the sample by means of powder X-ray diffraction. Between each
sample, the equipment was thoroughly rinsed with Milli-Q water.

3.5.2 X-ray diffraction crystallography

The powder X-ray diffraction (XRD) method relies on the ability of microcrystals (crys-
tallites) to diffract monochromatic X-rays at angles characteristic to their crystal struc-
ture allowing the crystallography of a powdered material to be determined (Dinnebier &
Billinge 2008). This behaviour relies on the elastic coherent scattering, termed Rayleigh
scattering, of X-ray photons as they interact with the electrons of the atoms in the ma-
terial (Dinnebier & Billinge 2008). Unlike the X-ray attenuation interactions on which
X-ray CT relies, Rayleigh scattering preserves the energy and phase of the incoming
photons as they are scattered off the atoms in all directions (Noyan & Cohen 2013).
However, due to the periodic nature of the atomic planes in a crystal lattice, constructive
and destructive interference of the scattered X-rays give rise to a characteristic angle
of diffraction (Fig. 3.10; Dinnebier & Billinge 2008). This is the angle 2θ between the
incoming and diffracted X-ray beam which follows Bragg’s law:

nλ = 2dhklsin(θ) (3.7)

where n is the order of diffraction (integral number), λ is the wavelength of the incident
X-ray beam (in Å), dhkl is the spacing between (hkl) lattice planes (in Å) with h, k and
l the Millier indices of that lattice plane (Fig. 3.10; Bragg 1929). As a powdered sample
is irradiated and the diffracted X-rays detected at a range of angles between source and
detector, a diffraction pattern is acquired in which intensity peaks occur at the character-
istic angles of the different crystallite lattice planes in the sample (Dinnebier & Billinge
2008, Noyan & Cohen 2013). The angles of the intensity peaks allow to qualitatively
identify the sample crystallography using the International Center for Diffraction Data
(ICDD) database (http://www.icdd.com).

http://www.icdd.com
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Figure 3.10: Illustration of Rayleigh scattering of monochomatic X-rays with wavelength
λ on atoms (grey spheres) in an (hkl) lattice plane with spacing dhkl. (A) Constructive
interference of the diffracted beam under a diffraction angle 2θ that satisfies Bragg’s law.
(B) Destructive interference of the diffracted beam under different angles 2θ. The image
was modified from Gergors licensed under CC BY-SA 3.0.

For this work, the powdered coral subsamples were measured on a zero diffraction single
crystal Si-plate (without background noise in the 20° to 120° range) with CuKα1 radiation
(λ = 1.54060 Å) at 2θ angles between 25° and 32° with a step size of 0.033° using the
Panalytical XRD installed at the Geoscience Paris Sud (GEOPS) laboratory. The clear
separation between the intensity peaks for the (104) lattice plane in the hexagonal calcite
crystals and the ones for the (111), (021) and (012) lattice planes in the orthorhombic
aragonite crystals allows to semi-quantitatively determine the relative percentage of each
CaCO3 polymorph in the powdered sample by comparing the integrated peak areas (Fig.
3.11; Dickinson & McGrath 2001). The virtual absence of the otherwise prominent (104)
calcite peak at 2θ = 29.4° indicated that no diagenetic recrystallization of coral aragonite
to the more stable calcite polymorph had occurred in any sample (Fig. 3.11). However,
extremely low intensity counts above the background were sometimes recorded at this
angle but can be attributed to minor recrystallization during the grounding of the sample
to a powder (Fig. 3.11).
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Figure 3.11: X-ray diffraction pattern for a powdered coral sample. Indicated in blue are
the observed intensity peaks for the (111), (021) and (012) lattice planes of aragonite.
Indicated in red is the theoretical angle 2θ = 29.4 for the (104) lattice plane of calcite.

https://commons.wikimedia.org/wiki/User:Gregors
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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3.5.3 Uranium/thorium dating

The U/Th dating method relies on disequilibria between the nuclides in the 238U decay
series (Fig. 3.12) and allows to date material with an age on the order of 10-2-103 ka
(Bourdon et al. 2003). As the parent isotope 238U has a very long half-life relative
to that of its decay chain (Fig. 3.12; Jaffey et al. 1971), the flux of its decay products
(i.e. the first long-lived daughter isotope 234U) being produced can be considered constant
(Bourdon et al. 2003). In contrast, the half-lives of the 234U daughter and the 230Th grand-
daughter isotopes are similar (Fig. 3.12; Cheng et al. 2013). Hence, if given enough time
(approximately 6 half-lives of 230Th), a secular equilibrium will arise in which the amount
of 234U and 232Th atoms no longer changes (Fig. 3.13 A; Bourdon et al. 2003).

Figure 3.12: Illustration of truncated 238U decay chain with the isotope half-lifes and
type of radiactive decay. The relevant isotopes for U/Th dating are indicated in blue.
Image courtesy of Bourdon et al. (2003).

However, several processes cause fractionation of the different U-series nuclides and
are able to disrupt this equilibrium (Fig. 3.13 B; Bourdon et al. 2003). When con-
tinental rocks are weathered, U predominantly goes into aqueous solution as uranyl
UO2

2+complexes and consequently is transported by rivers to the ocean (Ivanovich &
Harmon 1992, Chabaux et al. 2003). On the contrary, Th is highly insoluble and
will remain in its original minerals or will be adsorbed onto clay particles or Fe-Mn-
oxyhydroxides (Ivanovich & Harmon 1992, Chabaux et al. 2003). Furthermore, as Th
is created by radioactive decay of U in the ocean, it adsorbs to sinking particles and is
quickly scavenged from the seawater and transported to the seafloor (Nozaki et al. 1987,
Cochran & Masqué 2003). As a result, seawater is highly enriched in U with respect to
Th (Ivanovich & Harmon 1992, Chabaux et al. 2003). During weathering, fractionation
also occurs between the 238U and 234U nuclides (Thurber 1962). This can be related to
the alpha-recoil effect where a daughter nuclide damages the crystal lattice or is ejected
out of a detrital grain by the α-decay of its parent nuclide (Bourdon et al. 2003). This
makes the daughter 234U istope more likely to be removed from rocks during weathering
than the 238U parent. The resulting enrichment of 234U with respect to 238U in ocean
water is expressed as δ234U (in ‰) defined as:
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δ234U =


[ 234U

238U

]
[

234U
238U

]
eq

− 1

 ∗ 1000 =
([234U

238U

]
− 1

)
∗ 1000 (3.8)

where
[ 234U

238U

]
is the measured activity ratio of the uranium isotopes and

[ 234U
238U

]
eq

is the
activity ratio under secular equilibrium which equals 1 (Bourdon et al. 2003). The ocean
δ234U is related to the continental weathering rate (Kronfeld & Vogel 1991) and hence,
for the timescale considered in this work (i.e. the Holocene), can be assumed relatively
constant and similar to the present (146.8 ± 0.1 ‰; Yokoyama et al. 2001, Henderson
2002, Robinson et al. 2004, Andersen et al. 2010).

Figure 3.13: Illustration of the principle of U/Th dating based on the analogy of the 238U
decay chain as a series of overflowing pools. As the half-life of 238U is much greater than
that of the nuclides in its decay chain, the flux of its decay products can be assumed
constant and hence the 238U parent isotope is presented as a pipe with a constant outflow
rate. The first two long-lived daughter nuclides (234U and 230Th) are represented as a
pools with a nozzle whose water contents represents the number of atoms of the isotope
(N) and whose nozzle size relates to the decay constant λ = ln(2)

half−life
. The rate at which

water flows out of a pool (~ the hydraulic head) is thus analogous to the radioactive
activity = λ∗N . (A) Given enough time, a steady state will develop where the hydraulic
head in each tank will equalise the influx and outflux of the pool. This is analogues
to secular equilibirum in which the amount of 234U and 230Th no longer changes with
time. (B) Fractionation processes like α-recoil, weathering and scavenging disrupt this
equilibrium causing seawater to be largely Th-depleted and slightly enriched in 234U with
respect to 238U (Andersen et al. 2010). (C) When corals incorporate U from seawater into
their skeleton and if the skeleton behaves as a closed system to the U series nuclides then
the system will evolve back to the secular equilibrium according to the given differential
equations. The time since closed system behaviour was established (i.e. age of the coral)
can then be determined from the concentrations of nuclides in the coral by solving these
equations (see Appendix I).

These fractionation processes cause a disequilibrium between 238U , 234U and 230Th in
seawater (Fig. 3.13 B; Henderson & Anderson 2003). When a growing coral incorporates
uranium from seawater into its skeleton and given that the coral skeleton behaves as
a closed systems with respect to the U-series nuclides, the gradual return to secular
equilibrium allows to determine the age of the coral (Fig. 3.13 C; Barnes et al. 1956,
Ivanovich & Harmon 1992, Cheng et al. 2000). The U/Th age t can be derived from
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the following age equation (Lawrence Edwards et al. 1987) whose derivation is given in
Appendix I:

[230Th
238U

]
M

− 1 =
([230Th

238U

]
0

− 1
)

e−λ230t + λ230

λ230 − λ234

δ234UM

1000
(1 − e(λ234−λ230)t) (3.9)

where
[ 230T h

238U

]
M

and
[ 230T h

238U

]
0

represent the measured and initial activity ratios of the
nuclides. The λ’s represent the decay constants of the nuclides after Jaffey et al. (1971)
and Cheng et al. (2013). δ234UM is defined as above and depends on the measured activity
ratio

[ 234U
238U

]
M

in the sample. The concentration of 230Th is negligible in the surface ocean
(e.g. Moore 1981, Nozaki et al. 1987, Moran et al. 1995, Roy-Barman et al. 1996, Vogler
et al. 1998) and for shallow dwelling corals the initial

[ 230T h
238U

]
0

can be reasonably assumed
to equal 0 (Broecker 1963, Lawrence Edwards et al. 1987). However, the concentration
of 230Th increases with water depth (e.g. Moran et al. 1995, Roy-Barman et al. 1996,
Vogler et al. 1998) and for the deep dwelling CWC, non-zero

[ 230T h
238U

]
0
is to be expected

(Cheng et al. 2000). Additional initial 230Th can also be introduced in the sample by
contaminant phases like Fe-Mn coatings and detrital material (Cheng et al. 2000). The
U-Th age can be corrected for initial 230Th by measuring the

[ 232T h
238U

]
M

activity ratio of
unradiogenic 232Th in the coral sample and by estimating the initial

[ 230T h
232T h

]
0
activity ratio

based on analogues modern samples (Frank et al. 2004), development diagrams (Cheng
et al. 2000) or isochron techniques (Ludwig & Titterington 1994, Ludwig 2003). The age
equation (see Appendix I) then becomes:
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]
M

− 1 =
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]
M
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]
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− 1
)

e−λ230t+
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δ234UM

1000
(1 − e(λ234−λ230)t)

(3.10)

Finally, if the age of the coral t has been determined with equation (3.10), the initial
δ234U0 at time of growth can be calculated according to (Lawrence Edwards et al. 1987):

δ234UM = δ234U0e
−λ234t (3.11)

Since the past δ234U of seawater can be assumed to have stayed relatively similar to the
modern value (Henderson 2002, Robinson et al. 2004, Andersen et al. 2010), comparison
with δ234U0 allows to diagnose potential open system behaviour of the coral (Edwards et
al. 2003, Dutton & Lambeck 2012).

In this study,
[ 230T h

238U

]
M

,
[ 232T h

238U

]
M

and δ234UM of the CWC samples were determined by
Dr. Edwige Pons-Branchu using the ThermoScientific NeptunePlus Multi-Collector Induc-
tively Coupled Plasma Mass Spectrometer (MC-ICP-MS) installed at the Laboratoire
des Sciences du Climat et de l’Environnement (LSCE) in Gif-sûr-Yvette, France. The
procedure is further detailed in section 5.3.2.
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3.5.4 Neodymium isotopes

This method investigates the ratio of the 143Nd over 144Nd isotopes expressed as:

εNd =


[ 143Nd

144Nd

]
sample[

143Nd
144Nd

]
CHUR

× 1000 (3.12)

where
[ 143Nd

144Nd

]
CHUR

= 0.512638 is the ratio in the CHondritic Uniform Reservoir (CHUR)
or “bulk earth” (Jacobsen & Wasserburg 1980). As 143Nd results from radioactive decay
of long-lived 147Sm, rocks with different ages and compositions (differences in Sm/Nd
ratios) have a different εNd signatures (Jacobsen & Wasserburg 1980, Jeandel et al. 2007).
Seawater acquires its εNd signature by interaction with lithogenic particles from riverine
and/or eolian input (Goldstein & Jacobsen 1988) or by boundary exchange processes at
continental margins (Lacan & Jeandel 2005a, Wilson et al. 2012). When intermediate
and deep water masses, formed by downwelling of surface water, are transported away
from their source area by ocean circulation, their εNd signature is quasi conserved and
will mainly be modified by mixing with water masses originating from source areas with
a different lithology and εNd (Lacan et al. 2012). As the ocean residence time of Nd
(500-1000 years; Tachikawa et al. 1999, 2003) is shorter than the global ocean overturning
(Broecker 1982), εNd of seawater can be used as a tracer of water mass provenance (Fig.
3.14; Blanckenburg 1999, Lacan & Jeandel 2004a, b, 2005a, Lacan et al. 2012, Lambelet
et al. 2016, van de Flierdt et al. 2016, Dubois-Dauphin et al. 2017a). It has the particular
advantage over other non-conservative nutrient tracing proxies (δ13C and Cd/Ca) that
it is unaffected by biological processes which may complicate their interpretation (Frank
2002, Goldstein & Hemming 2003, Martin & Scher 2004).

In order to determine past changes in water mass configuration, several studies have
reconstructed past seawater εNd from the εNd signature in fish teeth (e.g. Martin & Haley
2000, Martin & Scher 2004, Horikawa et al. 2011), foraminiferal carbonate (e.g. Vance
et al. 2004, Tachikawa et al. 2014) and in the Fe-Mn oxides leached from sediments
(e.g. Piotrowski et al. 2004, Gutjahr et al. 2007, Pahnke et al. 2008, Bohm et al.
2015, Lippold et al. 2016) and present on uncleaned foraminifera shells (e.g. Roberts
et al. 2010, Piotrowski et al. 2012, Howe et al. 2016a). However, differences in the
εNd records collected by these techniques have raised questions about their accuracy,
especially in sediment leachates (Elmore et al. 2011, Wilson et al. 2013, Howe et al.
2016b). Furthermore, the palaeoceanographic sediment cores from which these records
are derived, are almost exclusively collected at great water depth and hence do not allow
to reconstruct intermediate water mass changes (van de Flierdt & Frank 2010). Recently,
it was shown that εNd in modern CWC skeletons of most aragonitic species (with the
potential exception of Balanophyllia malouinensis; Struve et al. 2017) equals the εNd

of ambient water within analytical uncertainty (Fig. 3.15; Copard et al. 2010, van de
Flierdt et al. 2010, Struve et al. 2017). Based on this promising calibration, several
studies have determined the εNd of well-cleaned fossil coral in an attempt to reconstruct
past changes in intermediate water mass provenance (Colin et al. 2010, Copard et al.
2011, Montero-Serrano et al. 2011, 2013, Dubois-Dauphin et al. 2016, 2017b). However
promising, the resulting εNd time series should be treated with caution. Foremost, the
Nd-poor coral samples should be free of any relatively Nd-rich contaminants (detrital
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material and Fe-Mn coatings) which may bias the signal (Taylor & Mclennan 1995, Hein
et al. 1999, Gutjahr et al. 2007, Copard et al. 2010, van de Flierdt et al. 2010, Crocket et
al. 2014, Struve et al. 2017). Furthermore, when interpreting the recorded εNd variations
in the past one should always be aware of potentially variable local continental influences
and boundary exchange effects known to influence seawater εNd (Lacan & Jeandel 2001,
2004b, a, 2005a, Wilson et al. 2012, Roberts & Piotrowski 2015).

In this work the Nd content of the CWC subsamples was first purified using the proce-
dure described in Copard et al. (2010) after which the 143Nd

144Nd
ratio was determined by

Prof. Dr. Christophe Colin using the ThermoScientific NeptunePlus MC-ICP-MS hosted
at the LSCE. The detailed procedure is outlined in section 5.3.4.

Figure 3.14 (preceding page): (A) Interpolated map of seawater εNd averaged at 400 m
depth in the North-Atlantic based on the available stations between 100 and 600 m water
depth (grey dots). Note the difference in seawater εNd between water masses in the Sub-
tropical Gyre (STG) and SubPolar Gyre (SPG). The black line represents the profile
in B. (B) Interpolated profile of seawater εNd along the European margin based on the
available seawater stations (black dots). Indicated are the water masses with distinct εNd

signatures: subtropical Eastern North Atlantic Central Water (stENACW), subpolar
Eastern North Atlantic Central Water (spENACW), Mediterranean Sea Water (MSW),
Labrador Sea Water (LSW), Eastern North Atlantic Deep Water (ENADW), SubPolar
Mode Water (SPMW) and Iceland-Scotland Overflow Water (ISOW). This figure was
made with Ocean Data View (Schlitzer 2016) based on seawater εNd data derived from
Piepgras & Wasserburg (1983), Piepgras & Wasserburg (1987), Stordal & Wasserburg
(1986), Tachikawa et al. (2004), Lacan & Jeandel (2004b), Lacan & Jeandel (2004a),
Lacan & Jeandel (2005a), Rickli et al. (2009), Rickli et al. (2010), Copard et al. (2011),
Stichel et al. (2015), Lambelet et al. (2016) and Dubois-Dauphin et al. (2017a) and
compiled by van de Flierdt et al. (2016) and Dubois-Dauphin et al. (2017a).
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Figure 3.15: εNd of globally distributed, modern cold-water corals (Copard et al. 2010,
van de Flierdt et al. 2010, Struve et al. 2017) vs. εNd of ambient seawater measured in
nearby stations (Piepgras & Wasserburg 1980, 1982, 1987, Spivack & Wasserburg 1988,
Jeandel 1993, Amakawa et al. 2004, Lacan & Jeandel 2004a, Tachikawa et al. 2004,
Vance et al. 2004, Rickli et al. 2009, Copard et al. 2011, Dubois-Dauphin et al. 2017a,
Struve et al. 2017). Note that some of the modern coral εNd from (Copard et al. 2010)
have been matched to more recent seawater εNd stations (Copard et al. 2011, Dubois-
Dauphin et al. 2017a). The inset shows location of the coral samples and the errorbars
indicate the 2σ analytical uncertainty. Note that most species plot within error from 1:1
line (dashed black line).

3.5.5 Trace element analysis

The aim of trace element analysis of the CWC samples in this work is two-fold. Firstly,
the empirical exponential relation between the Li/Mg elemental ratio in aragonitic CWC
skeletons and the ambient bottom water temperature BWT (in °C):

Li/Mg

(
in mmol

mol

)
= 5.41e−0.049∗BW T (3.13)

allows to estimate past temperature changes (Fig. 3.16; Montagna et al. 2014). Even
though this palaeothermometer is calibrated on a limited dataset (n = 49), the estimated
standard error (SE) of the exponential regression relation (Bevington et al. 1993) in-
dicates a precision of ±0.9°C (Montagna et al. 2014) and hence it outperforms other
temperature proxies in CWC (e.g. clumped isotopes; Thiagarajan et al. 2011).

Secondly, the Mn/Ca and Nd/Ca elemental ratios can be used to estimate the efficiency
of the applied cleaning procedure in removing contaminant phases which may bias both
the U-Th age and the εNd of the sample (Copard et al. 2010, van de Flierdt et al. 2010,



3.5. GEOCHEMICAL DATA 51

Crocker et al. 2016, Struve et al. 2017). Since concentrations of Mn and Nd in Fe-
Mn oxide coatings and detrital material (Taylor & Mclennan 1995, Hein et al. 1999,
Gutjahr et al. 2007, van de Flierdt et al. 2010, Crocket et al. 2014, Struve et al. 2017)
are several orders of magnitude greater than in well-cleaned modern corals (Mn/Ca =
0.05-9.8 µmol/mol and Nd/Ca = 4.2-32.5 nmol/mol), higher ratios may signal potential
contamination (Copard et al. 2010). Furthermore, significant correlation of Nd/Ca with
Mn/Ca may indicate contributions of Nd by Fe-Mn oxide coatings (Copard et al. 2010,
Crocket et al. 2014, Struve et al. 2017) while significant correlation of 232Th concentration
with Mn/Ca or Nd/Ca may indicate initial Th contribution by such coatings (Cheng et
al. 2000, Crocket et al. 2014, Struve et al. 2017).

In this work, Trace element/Ca ratios of the CWC samples were determined by Dr. Eric
Douville using the XseriesII Thermo Scientific ICP-QMS installed at the LSCE. The
procedure is detailed in section 5.3.3.

Figure 3.16: Li/Mg ratios (in mmol/mol) of globally distributed cold-water, temperate
and tropical corals vs ambient water temperature (in °C). The dashed black line represents
the exponential regression relation of Li/Mg to temperature (r2 = 0.975,n = 49). Image
courtesy of Montagna et al. (2014).

3.5.6 Radiocarbon dating and reservoir effects

3.5.6.1 Radiocarbon dating

The radiocarbon dating method relies on the decay of the radioactive carbon isotope
14C (radiocarbon) to 14N . 14C is continuously being created in the upper atmosphere
by interaction of high-energy cosmic ray neutrons with atmospheric nitrogen (Fig. 3.17;
Libby 1945, Lingenfelter 1963, Masarik & Beer 1999). The produced 14C atoms react
with oxygen to form 14CO2 (Pandow et al. 1960, Weinstock 1969, Campbell et al. 1986)
and become a part of the global carbon cycle (Fig. 3.17) where they are exchanged
between its different reservoirs (e.g. atmosphere, ocean, biosphere; Hughen 2007). As
long as an organism lives and consumes carbon, its 14C content is constantly equilibrated
to its environment. However, as the organism dies it is cut off from the environmental
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14C and acts as a sealed system whose 14C content slowly decays. Hence, if the initial
14C content of the organism N0 (or specific 14C activity A0) is estimated from that of its
environment, the time since death of the organism t can be calculated from the remaining
14C content Nt (or At as measured by Beta counting) according to the radioactive decay
equation:

Nt

N0
= At

A0
= e−λt (3.14)

where λ = ln(2)
half−life

is the 14C decay constant (Hughen 2007). As 14C has a half-life
of 5730±40 years (the ”Cambridge” half-life; Godwin 1962), this method allows to date
samples of up to 50 ka after which the amount of remaining 14C in the sample is below de-
tection limits. However, determination of A0 from the environment is not straightforward
and several effects need to be taken into account.

Figure 3.17: The Radiocarbon Cycle after Hughen (2007).

3.5.6.2 Isotopic fractionation

The 14C/12C ratio of an organism is not equal to that of its environment as a result
of isotope fractionation processes like the preferential uptake of isotopically lighter 12C
during photosynthesis or the preferential dissolution of isotopically heavier atmospheric
14C in seawater which becomes incorporated in the carbonate shells or skeletons of ma-
rine organisms (Walker 2005). Furthermore, fractionation also occurs during the sample
preparation and mass spectrometer measurement process. To correct for this fractiona-
tion, it is assumed that the relative enrichment/depletion in 14C is twice that of stable
13C so that the fractionation of the 14C/12C ratio in the sample can be approximated as
the square of the fractionation of 13C/12C in the sample (Wigley & Muller 1981). The
13C/12C content of the sample is expressed as δ13C with respect to the Vienna Pee Dee
Belemnite (VPDB) standard (Coplen 1996) according to:
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δ13C =


( 13C

12C

)
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13C
12C

)
V P DB

− 1

× 1000 (3.15)

By convention the radiocarbon fractionation correction factor Frac 14
12

converts the sam-
ple’s At to that which it would have had if it was made from wood with a δ13C = -25 ‰
(Stuiver & Polach 1977, Wigley & Muller 1981):

Frac 14
12

≈
(
Frac 13

12

)2
=


( 13C

12C

)
wood(

13C
12C

)
sample


2

=


(
1 − 25

1000

)
(
1 + δ13Csample

1000

)
2

(3.16)

3.5.6.3 Conventional radiocarbon ages

One of the major problems in radiocarbon dating is that atmospheric 14C content did
not remain constant through time (Sonett & Finney 1990, Beck et al. 2001, Hughen et al.
2004, Walker 2005). This is predominantly due to long-term variations in the atmospheric
14C production by fluctuations in the earth’s geomagnetic field and solar activity which
control the cosmic ray flux (Fig. 3.17; Stuiver et al. 1991, Mazaud et al. 1992, van Geel
et al. 2003, Masuda et al. 2009). However, large variations in both the atmospheric 14C
content (Robinson et al. 2005, Hughen et al. 2006, Broecker & Barker 2007) and CO2
concentration (Monnin et al. 2001) during the last glacial and deglaciation suggest that
climate-driven changes in ocean circulation also had an important influence (Skinner et
al. 2010, 2017, Freeman et al. 2016). In addition to natural variations, the atmospheric
14C has also been influenced by human activity. The burning of 14C devoid fossil fuels
over the past 250 years caused a decrease in the atmospheric 14C content (Suess Effect;
Suess 1955, Keeling 1979) which was later offset by the peak 14C production as a result
of atmospheric nuclear bomb testing in the 1950s and early 1960s (e.g. Nydal & Lövseth
1983, Manning et al. 1990).

In order to handle this problem, conventional radiocarbon ages, expressed as 14C years
before present (BP), were defined as the age calculated from equation (3.14) according
to the following assumptions (Stuiver & Polach 1977, Hughen 2007):

1) The original Libby half-life of 5568 years (Libby 1955) is used in order to be com-
patible with previously published ages.

2) The specific 14C activity of the atmosphere is globally uniform and has remained
constant through time. It equals the absolute international standard Aabs = 226
Bq/kg C which represents the hypothetical atmospheric A of the year 1950 free
from human perturbations and normalised to δ13C = -25 ‰ (Mook & van der
Plicht 1999).

3) Aabs is defined as 95% of the specific 14C activity in the National Institute of
Standards and Technology (NIST) oxalic acid I standard AOxI measured in 1950
AD and normalised to δ13C = -19 ‰. The 95% correction was applied because the
atmospheric A had started to rise due to atomic bomb testing. Newer standards
have since been used like OxII which is corrected 74.59% and normalised to δ13C
= -25 ‰ (Donahue et al. 1990).
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4) Sample 14C activity is normalised to δ13C = -25 ‰ as in equation (3.16).

5) The reference year 1950 AD is defined as t = 0 14C years BP and since both the
standard and the measured sample’s 14C content have decayed at the same rate
since 1950, the year of measurement does not enter the calculation.

In this work we have used Accelerator Mass Spectrometry (AMS; Burr & Jull 2009) which
does not determine specific activities A but rather the ratio’s between the 14C, 13C and
12C isotopes which are approximately proportional to A (Donahue et al. 1990):

A ∝
14C

12C+13C +14 C
≈

14C
12C

(3.17)

The 14C/12C ratios of the standard (Ox II) and sample denoted as ROxII and Rs are
measured and blank corrected (McNichol et al. 2001). The 13C/12C of the sample is
measured and expressed as δ13C according to equation (3.15). In this work, these mea-
surements were performed by Dr. Nadine Tisnérat-Laborde using the ECHoMICADAS
AMS hosted at the LSCE following the procedure detailed in section 5.3.5. The conven-
tional radiocarbon age is then calculated as follows: First the Rmodern, the 14C/12C ratio
that decayed from the hypothethical atmosphere in 1950 (as denoted by “modern”) up to
the year of measurement, is calculated from the measured ROxII and known δ13COxII=
-17.8 (Donahue et al. 1990):

Rmodern = 0.7459ROxII


(
1 − 25

1000

)
(
1 + δ13COxII

1000

)
2

(3.18)

Subsequently, the Rs is corrected for fractionation using the measured sample δ13Cs:

Rsn = Rs ∗ Frac 14
12

≈ Rs


(
1 − 25

1000

)
(
1 + δ13Cs

1000

)
2

(3.19)

From Rmodern and Rsn , the fraction of modern carbon F 14C (Donahue et al. 1990, Reimer
et al. 2004) is calculated:

F 14C = Rsn

Rmodern

(3.20)

The calculation of F 14C and its uncertainty is performed using the Bats software (Wacker
et al. 2010) version 4.07. F 14C is equivalent to the At

A0
activity ratio in equation (3.14)

and hence the conventional radiocarbon age t of the sample can be calculated as follows:

t
(
in 14C years BP

)
= − 1

λLibby

ln
(
F 14C

)
= − 5568

ln (2)
ln
(
F 14C

)
(3.21)
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3.5.6.4 Calibration

Since the 14C content in the atmosphere did not remain constant through time, the
conventional radiocarbon age of a sample will deviate significantly from its calendar age
(Fig. 3.18; Libby 1955, Stuiver & Suess 1966). Therefore, significant work has been
done to construct calibration curves which estimate the relation between conventional
radiocarbon ages and calendar ages (Fig. 3.18) based on a large database of radiocarbon
and independently dated samples (e.g. dendrochronology, varved sediments, U/Th dated
speleothems and corals; Reimer et al. 2013). In this way, the calibration curves allow to
determine the calendar age of a sample from that sample’s radiocarbon age, accounting
both for the changes in atmospheric 14C through time and for the offset between the
Libby decay constant and the real decay constant (Stuiver et al. 1998).

Rres
Rmodel

∆R = Rres−Rmodel
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Figure 3.18: Radiocabron calibration curves for the northern hemispheric atmosphere
(IntCal13), the southern hemispheric atmosphere (SHCal13) and the global surface ocean
(Marine13) over the last 10000 years BP. The shaded area represents the 95% confidence
interval. Data downloaded from radiocarbon.org based on Reimer et al. (2013) and Hogg
et al. (2013). Indicated are the definitions for Rres, Rmodel and ∆R for a reservoir sample
of a known calendar age tcal and radicarbon age t14C−res (Stuiver et al. 1986).

3.5.6.5 Reservoir effect

A further complication is the fact that the 14C produced in the atmosphere is not instantly
and uniformly mixed among the different reservoirs of the global carbon cycle (Fig. 3.17).
Even in the atmosphere where mixing occurs relatively rapidly, the northern and southern
hemispheres are sufficiently isolated from each other to have a slightly different 14C
content resulting in an apparent interhemispheric age offset averaging at 40 14C years
(Hogg et al. 2013) which has varied through time (Braziunas et al. 1995, Stuiver &

http://www.radiocarbon.org/IntCal13.htm
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Braziunas 1998, Hogg et al. 2011, 2013, Manning et al. 2018). In order to account for
this so-called reservoir effect (Stuiver & Polach 1977), different calibration curves were
constructed for the northern hemisphere (IntCal13; Fig. 3.18; Reimer et al. 2013) and
the southern hemisphere (SHCAL13; Fig. 3.18; Hogg et al. 2013).

In the oceans, the so-called marine reservoir effect is even more pronounced (Stuiver
& Ostlund 1980, Stuiver et al. 1986, Alves et al. 2018). Atmospheric radiocarbon in
the form of 14CO2 dissolves in seawater at the ocean’s surface to form DIC (Fig. 3.17;
Siegenthaler & Sarmiento 1993). When the surface water sinks to form deeper water
masses, it no longer equilibrates with the atmosphere and 14C starts to decay (Sigman &
Boyle 2000). This results in an offset between the apparent radiocarbon age of a sample
grown in a particular ocean reservoir t14C−res and the radiocarbon age of a coeval sample
grown in the contemporary atmosphere t14C−atm at a given calendar age tcal, defined as the
marine reservoir age R (Rres in Fig. 3.18; Stuiver et al. 1986). The R of the deep water
masses increases as they are transported in the thermohaline circulation reaching up to
an estimated R of 2400 14C years in the modern, deep, north western Pacific (Matsumoto
& Key 2004, Matsumoto 2007). Processes like winter mixing and wind-driven upwelling
cause this old, deep water to rise and mix with the surface water (Sigman & Boyle 2000)
resulting in an average global surface water R of approximately 400 14C years (Cordero
et al. 2003, Reimer et al. 2013). In order to account for this average offset as well
the delayed (hence smoothed) influence of atmospheric 14C changes on the ocean DIC
through time, a hypothetical global surface ocean calibration curve (Marine13; Fig. 3.18;
Reimer et al. 2013) for the Holocene was constructed based on the IntCal13 atmospheric
curve (Reimer et al. 2013) and an atmosphere ocean box model (marmod13; Oeschger
et al. 1975, Stuiver & Braziunas 1993, Reimer et al. 2013). However, the deep water R
related to the ocean overturning rate and the processes that cause vertical mixing between
surface and deep water and hence control the surface ocean R, vary significantly through
space and time (e.g. Broecker et al. 1984, Ascough et al. 2004, 2009, Soares & Dias 2006,
Thornalley et al. 2011, 2015, Stern & Lisiecki 2013, Zhao et al. 2018). Therefore the
offset between the local and time dependent reservoir age Rres and the modelled global
surface ocean Rmodel (i.e. the age offset between the Marine13 and IntCal13 curves at
a certain time), defined as ∆R = Rres − Rmodel, must be subtracted from the reservoir
sample’s 14C age before calibration with the Marine13 curve (Fig. 3.18; Stuiver et al.
1986, Jull et al. 2013, Alves et al. 2018). Unfortunately, it is difficult to accurately
quantify ∆R as measurements of Rres are often sparse introducing significant uncertainty
in radiocarbon ages from marine samples (Reimer & Reimer 2001).

While the marine radiocarbon reservoir effect complicates the use of a radiocarbon as a
dating method, it also is a useful tracer for studying ocean dynamics (e.g. circulation
modes, residence times, upwelling intensity; Bard 1988, England & Maier-Reimer 2001,
Alves et al. 2018). The radiocarbon content of a reservoir (e.g. a water mass) is com-
monly expressed as age-corrected ∆14C (equivalent to ∆ in Stuiver & Polach 1977) which
represents the relative depletion of the fractionation and age corrected 14C activity in a
sample from the reservoir with respect to the absolute international standard (Aabs ).
It can be calculated from a reservoir sample’s F 14C (or its 14Cage related per equation
(3.21)) if the calendar age of the sample is known (Jull et al. 2013):

∆14C =
(
F 14CeλcCal. age − 1

)
× 1000 =

(
e−λ14

L Cage

e−λCCal. age − 1
)

× 1000 (3.22)
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where Cal. age is in years BP, 14Cage in 14Cyears BP, λL represents the Libby decay
constant (Libby 1955) and λC represents the “true” Cambridge decay constant (Godwin
1962). The reservoir age R (Stuiver et al. 1986) at a given time can then be calculated
from the ∆14Cres of the reservoir at that time given the ∆14Catm of the contemporaneous
atmosphere (derived from an atmospheric calibration curve like IntCal13; Fig. 3.18;
Reimer et al. 2013) according to (Burr et al. 2009):

R = 1
λL

ln

 ∆14Catm

1000 + 1
∆14Cres

1000 + 1

 (3.23)

Alternatively, the offset of the ∆14Cres from the contemporary atmosphere can also be
expressed as ∆∆14C (Wilson et al. 2014, Chen et al. 2015):

∆∆14Cres−atm = ∆14Cres − ∆14Catm (3.24)

Figure 3.19: Interpolated profile of natural ∆14C estimate throughout the Atlantic Ocean
at 20°W based on the gridded Global Data Analysis Project (GLODAP) version 1.1
data product (Key et al. 2004). Natural ∆14C estimates were calculated from seawater
∆14C measurements and corrected for bomb radiocarbon based on the strong correlation
between potential alkalinity and natural radiocarbon (Rubin & Key 2002, Key et al.
2004). Note the ∆14C depleted signature of southern-sourced Antarctic Bottom Water
(AABW) and Antarctic Intermediate Water (AAIW) with respect to the northern-
sourced ∆14C enriched North Atlantic Deep Water (NADW). This figure was made
using the Ocean Data View software (Schlitzer 2016).

The modern ∆14C distribution in Atlantic ocean water is tied to the AMOC circulation
(Fig. 3.19; Broecker et al. 1960, Broecker & Peng 1982). In most parts of the ocean,
the vertical density stratification limits the exchange between the surface and deep water
masses causing a strong ∆14C depth gradient (Broecker & Peng 1982). In the high-
latitude North-Atlantic however, the stratification breaks down and the surface water,
equilibrated to the atmosphere, sinks to form deep water (i.e. NADW) in a process termed
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ocean ventilation (England & Maier-Reimer 2001, Khatiwala et al. 2012) which results
in a regional weak ∆14C depth gradient (Fig. 3.19; Broecker & Peng 1982). As the well-
ventilated NADW flows southwards at depth, its relatively enriched ∆14C signature is
diluted, in part by radioactive decay but predominantly by mixing with poorly ventilated
and hence ∆14C depleted water masses (AABW and AAIW) coming from the South
Atlantic (Fig. 3.19; Broecker & Peng 1982). Investigation of past changes in the ocean
∆14C have revealed significant variability in deep ocean ventilation and AMOC circulation
during the last deglaciation, suggesting the AMOC played a critical role in the observed
atmospheric CO2 and temperature changes (Skinner & Shackleton 2004, Robinson et al.
2005, Robinson & van de Flierdt 2009, Skinner et al. 2010, 2014, 2017, Thornalley et al.
2011, 2015, Burke & Robinson 2012, Wilson et al. 2014, Chen et al. 2015, Freeman et al.
2015).

The aragonitic skeletons of scleractinian corals record the ∆14C of DIC in ambient water
masses during their growth (Fig. 3.20; Adkins et al. 2002). Since the calendar age
of fossil corals can be independently and accurately determined by U/Th dating (see
above), ∆14CDIC variability in the past can be reconstructed from the coral radiocarbon
ages using equation (3.22) (Mangini et al. 1998, Robinson et al. 2005, Burke & Robinson
2012, Montero-Serrano et al. 2013, Chen et al. 2015, Clark et al. 2016, Douarin et al.
2016). Finally, after deriving the atmospheric radiocarbon age (and hence ∆14Catm) from
the IntCal13 curve (Fig. 3.18; Reimer et al. 2013) using the U/Th age as a calendar age,
R and ∆∆14Cres−atm are calculated from equations (3.23) and (3.24).
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Figure 3.20: Global calibration between ∆14C in modern cold-water corals and in dis-
solved inorganic carbon (DIC) in ocean water. The 1:1 relation is given by the dashed
line and errorbars represents 2σ. The inset shows the location of the coral samples. The
original dataset of Adkins et al. (2002) was extended with ∆14Ccoral from corals with
a calendar age < 1000 year BP (Schröder-Ritzrau et al. 2003, Frank et al. 2004, 2005,
Burke & Robinson 2012, Montero-Serrano et al. 2013, Chen et al. 2015, Douarin et al.
2016) which were matched with ∆14CDIC from the GLODAP v1.1 gridded data product
(Key et al. 2004). Modern corals younger than 1968 AD (< -18 year BP) were matched
with the directly measured and interpolated ∆14CDIC while older corals (> -18 year BP)
were matched with the bomb-corrected ∆14CDIC estimate (Key et al. 2004).
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Sedimentary processes and
cold-water coral mini-mounds at the
Ferrol canyon head, NW Iberian
margin

The chapter has been slightly modified from the published version:

Collart, T., Verreydt, W., Hernández-Molina, F.J., Llave, E., León, R., Gómez-
Ballesteros, M., Pons-Branchu, E., Stewart, H., Van Rooij, D., 2018. Sedimentary
processes and cold-water coral mini-mounds at the Ferrol canyon head, NW Iberian
margin. Progress in Oceanography, 169, 48-65.

Abstract: The western Iberian margin has a complex morphology controlled by both geo-
logical and oceanographic processes. Compared to the submarine canyons in the southern
part of this margin (e.g. Nazaré and Setubal), the canyons in the northern part (e.g. Ferrol
and A Coruña) have received little attention. This study maps the geomorphological fea-
tures around the Ferrol canyon head and combines them with oceanographic observations
to infer the sedimentary and oceanographic processes active in this area. Furthermore,
the occurrence of a cold-water coral (CWC) mini-mound province near the canyon head
and the Ortegal Spur pockmark field is investigated with regard to seepage processes,
oceanographic conditions and anthropogenic impact. The Ferrol canyon head and outer
Ortegal Spur are characterised by erosional (erosional and abraded surfaces, contourite
channels and furrows), depositional (contourite drifts and sediment waves) and mixed
(contourite terrace) features, indicating a dominant control of bottom currents on the
sedimentary processes. Bottom currents are related to the interaction of the canyon head
topography with both the Mediterranean Sea Water (MSW) contour current and with
M2 internal tides associated to the interface (pycnocline) between Eastern North Atlantic
Central Water (ENACW) and MSW. Due to this interaction, the Ferrol canyon head is
subject to active sediment resuspension and forms a potential source area for intermediate
nepheloid layers along the NW Iberian upper slope. The CWC mini-mounds (1.9-2.7 m
high and 75-141 m in diameter) occur between 400-550 m depth. Seismic facies signatures
indicative of fluid-flow and morphometric analysis implies that larger CWC mini-mounds
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adjacent to the pockmark field initiated by colonization of pre-existing pockmarks, while
smaller more clustered mounds developed independently. The observed mini-mounds are
relict features likely related to their position outside of the contemporary ENACW-MSW
interface which favours CWC growth through increased bottom currents. Alternatively,
the lack of contemporary coral growth might be related to habitat destruction by bottom
trawling. However, a preliminary age constraint reveals CWC growth occurred during the
early Holocene, coeval to relict CWC mini-mounds near canyon heads on the Armorican
margin. Their existence suggests a regional shift in the NE Atlantic density profile where
the ENACW-MSW interface occurred up to 200 m above its contemporary position.

Author contributions: The multibeam, seismic and video data were processed by
León, R., Verreydt, W. and Collart, T.; Automated mound detection and morphometric
analysis were performed by Stewart, H. and Collart, T.; U/Th dating was performed
by Pons-Branchu, E. and Collart, T.; Data interpretation and writing was performed by
Collart, T. and revised by Hernández-Molina, F.J., Pons-Branchu, E., Llave, E. and Van
Rooij, D.

4.1 Introduction

Submarine canyons provide the main pathway for sediment transport between the shelf
and the deep ocean by turbidity currents, hyperpycnal flows, slope failures, dense shelf wa-
ter cascading or by focusing of internal waves, causing resuspension and creating bottom
nepheloid layers (BNLs) and intermediate nepheloid layers (INLs; e.g. Allen & Durrieu
de Madron 2009, Puig et al. 2014). On the western Iberian margin, major canyons that
intersect the entire continental slope are only found in the southern sector ( e.g. Nazaré
and Setubal) where they intercept sediment transport across the shelf and upper slope
and provide a direct conduit to the deep ocean (de Stigter et al. 2007, Oliveira et al. 2007,
Arzola et al. 2008). In contrast, the canyons in the northern sector (e.g. Ferrol Canyon
and A Coruña), do not reach the shelf but rather incise a series of marginal platforms on
the upper slope (Maestro et al. 2013). Their role in contemporary sediment transport has
not been reported in literature. Along the NW Iberian margin, water column turbidity
studies have indicated that modern sediment delivery to the deeper ocean is mainly de-
rived from primary production in the surface nepheloid layer (SNL) and by settling from
INLs (Hall et al. 2000, McCave & Hall 2002, van Weering et al. 2002). A shallow INL
occurs at 100-300 m water depth as a result of shelf edge resuspension and off-shelf trans-
port (McCave & Hall 2002). A deeper INL at 500-800 m results from resuspension by
the interaction of the upper slope topography with the northward flowing Mediterranean
Sea Water (MSW) and/or internal waves and tides associated with the pycnocline at the
interface between the Eastern North Atlantic Central Water (ENACW) and the MSW
(McCave & Hall 2002). The importance of this process is illustrated by the sediment dis-
tribution on the NW Iberian margin. The lower slope is dominated by calcareous muds
while the upper slope is characterised by an increased terrigenous content with coarser
grainsize or even rocky outcrops indicating the absence of modern sediments (Flach et al.
2002, van Weering et al. 2002). The MSW contour current also plays an important role
in the along-slope redistribution of sediment as evidenced by the presence of several large
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contourite depositional systems (CDS) along the Iberian margin (Hernández-Molina et al.
2011, Hanebuth et al. 2015, Llave et al. 2015). In particular, the Ferrol and A Coruña
submarine canyons are influenced by the Ortegal CDS (Hernández-Molina et al. 2011,
2016, Maestro et al. 2013, Llave et al. 2015)

A new province of cold-water coral (CWC) mini-mounds was described around the Ferrol
canyon head (Hernández-Molina et al. 2010) and adjacent to the Ortegal Spur pockmark
field (Jané et al. 2010). CWC mounds are constructed by framework building sclerac-
tinian corals like Lophelia pertusa and Madrepora oculata that have the ability to baffle
sediment and over time, develop carbonate mounds (Freiwald et al. 2004, Roberts et
al. 2006). Historically, CWC’s were thought to rely on hydrocarbon seepage for their
food supply as early discoveries by oil and gas exploration companies found them near
seepage related seabed structures (Hovland & Thomsen 1997, Henriet et al. 1998, 2001,
Hovland & Risk 2003, Hovland 2005). However, the isotopic carbon signature of coral
tissue and skeleton excludes a seepage-based food chain and indicates food particles are
derived from surface primary productivity (Duineveld et al. 2004, 2007, Kiriakoulakis
et al. 2005). Instead, the co-occurrence is likely related to methane-derived authigenic
carbonates formed in seepage sites (Friedman et al. 1988, Hovland & Judd 1988, Boetius
et al. 2000, Greinert et al. 2001, Magalhães et al. 2012) which offer suitable hard grounds
for coral colonization (Kellogg et al. 2009, Wehrmann et al. 2011, Magalhães et al. 2012,
Somoza et al. 2014).

Along the NE Atlantic margin, CWC provinces predominantly fall within a narrow depth
range (500-1000 m) characterised by the permanent thermocline (White & Dorschel 2010).
Vigorous bottom currents, resulting from the interaction between the steep continental
slope and internal motions associated with the steep vertical density gradient at this water
depth interval, are thought to create favourable conditions for CWC mound development
(White & Dorschel 2010, Mohn et al. 2014, van Haren et al. 2014). The filter-feeding
corals benefit from this dynamic environment as it enhances the delivery of food particles
to their polyps while preventing the corals from being smothered by fine sediment (White
et al. 2005, Duineveld et al. 2007, Mienis et al. 2007, White 2007). This hydrodynamic
regime also influences sedimentary processes and CWC mounds are often found in asso-
ciation with INLs and BNLs (Mienis et al. 2007, White & Dorschel 2010, Huvenne et
al. 2011) and contourite related features (Van Rooij et al. 2008, Huvenne et al. 2009b,
Hebbeln et al. 2016). Furthermore, the potential density envelope σθ = 27.35-27.65
kg/m3 present at permanent thermocline depth seems to exert some control over the
distribution of live L. pertusa along the NE Atlantic margin which lead to the hypothesis
that it may govern coral larvae transport (Dullo et al. 2008, Flögel et al. 2014, Rüggeberg
et al. 2016). However, this hypothesis was contradicted by the observation that coral lar-
vae are free swimming and are not constrained to the proposed density envelope as they
may spend part of their lifetime in the photic zone (Larsson et al. 2014, Strömberg &
Larsson 2017). Interestingly, the CWC mini-mound province at the Ferrol canyon head,
as well as provinces of similarly sized mound at the head of submarine canyons on the
Celtic (Stewart et al. 2014), Armorican (De Mol et al. 2011) and Cantabrian (Sánchez
et al. 2014) margins occur at shallower (250-500 m) water depth, above the permanent
thermocline. These provinces appear devoid of modern coral growth but as of yet, it is
unknown if this is caused solely by a change to unfavourable environmental conditions or
by bottom trawling activity destroying the reef habitat (De Mol et al. 2011, Sánchez et
al. 2014, Stewart et al. 2014). This work describes the geomorphological features and the
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oceanography of the Ferrol canyon head and the outer Ortegal spur with the aim to: (1)
document and explain the interactions between the sedimentary and oceanographic pro-
cesses active in and around the canyon head; (2) characterise the CWC mini-mounds and
examine the relationship between coral occurrence and seepage processes, oceanographic
conditions and anthropogenic impact. Finally, (3) the palaeoceanographic implications
of this mini-mound province are briefly discussed.

4.2 Regional setting

The study area lies approximately 30 km off the coast of Cabo Ortegal, at the NW corner
of the Iberian Peninsula between 200-1030 m depth. It is located on the western part of
the Ortegal Spur, a marginal platform on the upper continental slope of the NW Iberian
margin (Fig. 4.1 A). The western part of the platform is deeply incised by the head of
the Ferrol and A Coruña submarine canyons.

4.2.1 Geological setting

The Ortegal Spur originated from a continental-rifting phase related to the opening of
the Atlantic domain during the Late Jurassic through Early Cretaceous (Williams 1975,
Knott et al. 1993). By the Late Cretaceous it had gradually changed into a passive
margin with the onset of oceanic crust formation in the Bay of Biscay (Boillot et al.
1987). In the Early Cenozoic, a convergence between the Eurasian and Iberian plate
provoked a reactivation of the rift structures and a partial southward subduction of the
Bay of Biscay seafloor beneath the Iberian margin. This resulted in inversion of normal
faults causing tectonic deformation of the Mesozoic basement and the overlying upper
Eocene limestone during the Eocene and emergence of the margin during the Oligocene
(Boillot et al. 1979). In the late Paleogene and Neogene the northern Iberian margin
was again submerged (Boillot et al. 1979) coeval with an active subsidence stage and
Neogene sediments were deposited in a relatively deep depositional environment (Boillot
et al. 1987). The overlying Pliocene to Quaternary deposits have an irregular distribution
and were deposited on a glacially influenced margin (Weaver et al. 2000, Mojtahid et al.
2005) where sediment transfer mainly took place downslope through submarine canyons
(Bourillet et al. 2006, Gaudin et al. 2006, Gonthier et al. 2006). Locally, bottom current
processes play an important role in shaping the margin but their occurrence is controlled
by glacio-eustatic sea level changes (Ercilla et al. 2008b, Hernández-Molina et al. 2011,
2016, Maestro et al. 2013, Llave et al. 2015).
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Figure 4.1: Location of the study area on the outer Ortegal Spur and Ferrol Canyon head
at the NW Iberian margin. Contour lines are drawn at 100 m interval. (A) Geological
map modified from Lamboy & Dupeuble (1975) with the tectonic setting modified from
Boillot & Malod (1988). The dotted lines represent the canyon axes after Maestro et
al. (2013). (B) Main water masses and circulation pattern in the upper 1500 m of
the water column: MSW = Mediterranean Sea Water, modified from Iorga & Lozier
(1999a); ENACWst = subtropical Eastern North Atlantic Central Water; ENACWsp
= subpolar Eastern North Atlantic Central Water; PC = Portugal Current; PCC =
Portugal Coastal Current; IPCs = Iberian Poleward Current system and Finisterre Front
modified from Varela et al. (2005).
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4.2.2 Oceanographic setting

Two different water masses are present in the study area: the Eastern North Atlantic
Central Water (ENACW) the Mediterranean Sea Water (MSW; Pollard et al. 1996,
Fiuza et al. 1998, van Aken 2000b). The ENACW forms the upper water mass and is
subdivided in the subtropical ENACWst (θ > 12.2° C, S > 35.66; Harvey 1982) situated
between 100-400 m depth, and the subpolar ENACWsp (θ > 8.56° C, S > 35.23; Castro
et al. 1998) between 400-700 m depth (Fiuza et al. 1998). During the summer upwelling
season (April to September), the ENACWsp flows equatorward in the relatively weak
Portugal Current (PC) and Portugal Coastal Current (PCC) and a subsurface front
develops between the two modes of ENACW located off the coast of Cape Finisterre
(Fig. 4.1 B; Finisterre Front; Varela et al. 2005). During winter downwelling (October to
March), the Iberian Poleward Current system (IPCs) develops, transporting ENACWst
over the shelf and slope (Fig. 4.1 B), displacing the front northward (Castro et al. 1998,
Peliz et al. 2005, Varela et al. 2005). The MSW is present between 600-1400 m depth and
is characterised by high salinity (S > 36.0) and relatively high potential temperature (θ
~ 11° C; Daniault et al. 1994, Fiuza et al. 1998, Iorga & Lozier 1999a, van Aken 2000b).
It flows along the continental slope as a density-driven slope current, conditioned by
the Coriolis force and seafloor irregularities (Pingree & Le Cann 1990, Rio et al. 1998,
Hernández-Molina et al. 2011). Along its path, its characteristic salinity decreases due
to mixing with the surrounding water masses (Rio et al. 1998, Iorga & Lozier 1999a).
Around the Galicia Bank, the MSW is thought to split up into two branches with one
flowing west of the bank and the other, more saline one, flowing north along the Iberian
continental slope (Fig. 4.1 B). After reaching the study area, this branch turns to the
east into the Bay of Biscay (Mazé et al. 1997, Iorga & Lozier 1999a). During summer
upwelling, the MSW core is more tightly attached to the continental slope (Prieto et al.
2013) and is displaced upward-inshore through Ekman pumping (García Lafuente et al.
2008). In winter, the situation reverses, the MSW spreads out to the open ocean and flow
reversals towards the equator occur (Friocourt et al. 2007, 2008, Prieto et al. 2013). The
strong pycnocline at the interface between the ENACW and MSW (Fiuza et al. 1998)
gives rise to baroclinic motions. Several authors have reported the generation of freely
propagating internal tides with dominantly semi-diurnal M2 frequency by the interaction
of the barotropic tides with the NW Iberian slope (Azevedo et al. 2006, García-Lafuente
et al. 2006, Pichon et al. 2013). At its lower boundary the MSW is influenced by mixing
with the relatively cold (θ ~ 3.5° C) and fresh (S ~ 34.89) Labrador Sea Water (LSW)
which is present outside the study area at 1500 - 2000 m depth (Talley & McCartney
1982, Fiuza et al. 1998).

4.3 Material and methods

The high-resolution seismic reflection profiles, swath bathymetry and backscatter inten-
sity, oceanographic data, Remotely Operated underwater Vehicle (ROV) observations
and coral sample used in this study, were acquired during three consecutive legs of R/V
Belgica cruise 09/14 in May-June 2009.
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4.3.1 Seismic reflection profiling

The high-resolution 2D single channel seismic reflection data (Fig. 4.2) were collected
using a SIG sparker source (120 electrodes), a single channel surface streamer and Delph
acquisition software. The trigger interval was set at 2 s, energy output at 500 J, sampling
frequency at 8 kHz and record length at 1900 ms two-way time (TWT). At greater water
depths, the trigger interval was adjusted to 3 s and the record length was increased to
2900 ms TWT. The vessel velocity was kept at 4 knots using electrical propulsion for
noise reduction. The seismic data were processed in RadExPro 2013.1 with a bandpass
(Butterworth, low pass of 1500 Hz and high pass of 200 Hz), a swell and a burst noise
removal filter as well as a spherical divergence amplitude correction. Visualization and
interpretation was conducted with the KINGDOM suite 8.8 software.

Figure 4.2: Multibeam bathymetry map of the study area with locations of the reflection
seismic profiles, ROV dives, CTD casts and references to figures.

4.3.2 Multibeam echosounder

The multibeam swath bathymetry (Fig. 4.2) and backscatter data (Fig. 4.3 A) were
collected with the shipboard Simrad EM1002 multibeam echosounder . The beam angle
was set at 70°, average survey water depth was set at 750 m, keeping a 10-20 % overlap
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between swaths. The center sector (inner ±50° swath centered at nadir) was operating
at 98 kHz and the outer sectors (outer ±20° swath) were operating at 93 kHz. The ves-
sel velocity was kept between 5 and 8 knots. The data were processed with IFREMER
CARAIBES software release 3.4 and visualised using Fledermaus 6.7.0k Professional soft-
ware and ESRI Arcmap 10.1. The bathymetry and backscatter data were gridded at a
cell size of both 5 and 15 m. These data were combined with the seismic reflections pro-
files to construct a geomorphological map (Fig. 4.3 B). The morphological features were
classified according to literature (Hovland & Judd 1988, Faugères et al. 1999, Rebesco
& Camerlenghi 2008, Stow et al. 2009, Rebesco et al. 2014) and grouped based on their
origin into tectonic, erosional, depositional, mixed (erosional and depositional), mass
wasting, fluid migration and biogenic features (Fig. 4.3 B).

The mini-mounds and pockmarks were mapped using the BGS Arcmap semi-automated
feature mapping tool (Gafeira et al. 2015, De Clippele et al. 2016) based on a Bathymetric
Positional Index (BPI) grid. BPI is a measure for the positioning of a reference location
to the neighbouring locations. Positive BPI values indicate elevated regions, negative
BPI indicate depressions and low to zero BPI indicate either flat areas or areas with
constant slope. The analysis neighbourhood is scalable which allows to fine-tune the
BPI grid to highlight small scale variations in the bathymetry (Weiss 2001). Fine scale
BPI grids were constructed from the 5 m resolution bathymetry grid using the Benthic
Terrain Modeller extension (Wright et al. 2012). The analysis neighbourhood was defined
as an annulus with an inner radius of 25 grid cells (125 m) and outer radius of 50 grid
cells (250 m). The threshold BPI and minimum feature BPI were both set to 1 for
mounds and -1 for pockmarks. A minimum feature area of 100 m2 was set to prevent
processing artefacts being mapped and a minimum width to length ratio of 0.1 was
used to prevent elongated bathymetry features (e.g. ridges) from being mapped (Gafeira
et al. 2015). Due to an error in sound velocity, part of the swath overlaps display a
relict relief of up to 2 m, obscuring parts of the pockmarks and mini-mounds. This
introduced errors in the feature outlines determined by the mapping tool and required
manual editing. From the mapped feature outlines, morphological characteristics were
measured. Subsequently, a morphometric approach was used to assess a potential genetic
link between the pockmarks and mini-mounds. The identified features were divided into
3 groups: (1) pockmarks, (2) southern mini-mounds located to the southeast of the Ferrol
canyon head, adjacent to the pockmark field and (3) northern mini-mounds located to
the north of the Ferrol canyon head. Only morphological characteristics that would be
preserved in the evolution from pockmarks to mini-mound were used in the analysis:
mean diameter (mean of the width and length), width to length ratio, azimuth of the
long axis and distance to the nearest neighbouring feature. These characteristics were
then analysed using a non-parametric multivariate statistical approach using R version
3.2.3. (RCoreTeam 2015) with the vegan package (Jari et al. 2017). Principal Component
Analysis (PCA; Davis 1986) was performed on the standardised characteristics to visually
assess differences between the different groups. One-way Permutational Multivariate
Analysis of Variance (PERMANOVA; Anderson 2001, McArdle & Anderson 2001) based
on an Euclidean distance metric was applied to test for statistically significant differences
between the groups. Initially, a permutational test (10000 permutations) over all groups
was performed at a significance level of α = 0.05, followed by three pairwise tests to
evaluate which pair of groups was the most similar/different. In the latter, a Bonferroni
correction for multiple tests was applied resulting in a significance level α = 0.0167.
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4.3.3 ROV observations and coral sample

Two ROV dives (Fig. 4.2) were conducted using a Sub-Atlantic Cherokee-type ROV
“Genesis” guided by a Global Acoustic Positioning System (GAPS) in order to photo-
graphically groundtruth the mini-mounds observed on the swath bathymetry. A coral
grab sample was collected from which three polyps were selected for U/Th dating. The
samples were carefully cleaned in order to avoid contamination from possible Fe-Mn coat-
ings, detrital sediments and remnants of organic tissue, following the procedures described
in Copard et al. (2010) and further detailed in section 3.5.1. Powdered subsamples were
passed through an X-ray diffractometer (XRD) at GEOPS (Geoscience Paris-Sud, Orsay,
France) to insure against diagenetic recrystallization of the coral aragonite (see section
3.5.2). Uranium and thorium isotopes were analysed at the Laboratoire des Sciences du
Climat et de l’Environnement (LSCE) in Gif-sur-Yvette (France). After adding a triple
229Th−233U −236U spike in a Teflon beaker, the clean samples (ca. 200 mg) were dissolved
with diluted HCl. U and Th were coprecipitated with Fe(OH)3, and then separated using
UTEVA resin (Eichrom Technologies; Horwitz et al. 1992) in 3 M HNO3. Uranium and
thorium isotopes were determined simultaneously using a ThermoScientific NeptunePlus
multicollector-ICP-MS fitted with a jet interface. After the isotopic data were corrected
for mass fractionation, peak tailing, hydrate interference and chemical blanks, ages were
calculated by iterative age estimation. The procedure (chemical separation and analysis)
was adopted from Pons-Branchu et al. (2014) and detailed in section 5.3.2.

4.3.4 Physical oceanography

Two CTD casts (Fig. 4.2) were taken down to 1500 m at station B0914-CTD-1 and 450 m
at station B0914-CTD-2 using a Seacat SBE-19 deep-water CTD profiler. Temperature,
pressure and conductivity were recorded continuously and binned at 1 m resolution and
salinity and potential density were derived with the SBE Dataprocessing software (v7.18c).
The depth position of the different water masses was determined based on θ − S mixing
triangles between end-members of (1) ENACWst (θ = 12.2° C, S = 35.66; Harvey 1982),
(2) ENACWsp (θ = 8.56° C, S = 35.23; Castro et al. 1998), (3) MSW at Cape St-
Vincent (θ = 12.2° C, S = 36.6; Ambar & Howe 1979b) and (4) LSW (θ = 3.5° C,
S = 34.89; Talley & McCartney 1982, Cunningham & Haine 1995).The MSW core was
defined as water with > 40% fraction of MSW end-member following García Lafuente et
al. (2008). These data, collected in May 2009 was combined with World Ocean Database
2013 (WOD13) CTD data collected between 1990 and 1996 before the onset of seasonal
upwelling (March to May; Varela et al. 2005, García Lafuente et al. 2008) to construct
salinity and temperature profiles at the position of the reflection seismic data using Ocean
Data Viewer (Fig. 4.4).

In order to assess the interactions of M2 internal tides with the Ferrol canyon head
topography, a map of the internal tide reflection condition γ/c (Cacchione et al. 2002) was
calculated. Here γ is the slope of the topography and c is the angle of the characteristics
(also called energy rays or beams) of the internal tides which is determined by:

c =
(

(σ2 − f 2)
(N2 − σ2)

) 1
2

(4.1)
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where σ is the internal wave-frequency which for M2 internal tides is σ = 0.081 cycles
per hour (cph), f = sin ϕ

12 cph is the local inertial frequency at latitude ϕ and N is the
Brunt-Väisälä or buoyancy frequency:

N(cph) = 3600
2π


(
−g

ρ

)
( ∂ρ

∂z)


1
2

(4.2)

Here, ∂ρ
∂z

is the ocean vertical density gradient and g ≈ 9.81 m
s2 is the gravitational accel-

eration. A profile of the buoyancy frequency was derived from the CTD data by first
smoothing the temperature and salinity profiles (binning at 10 m intervals and fitting a
cubic spline) after which N was calculated using the Gibbs Seawater equation of state
routine (TEOS10; IOS et al. 2010, Roquet et al. 2015) implemented in the “oce” R
package (Dan & Clark 2017). From this profile, c was calculated according to equation
(4.1) and interpolated on every grid point of the 15 m gridded bathymetry map using
ESRI Arcmap 10.1 Spatial Analyst and the arcpy module. Finally, a slope map γ was
derived from the bathymetry data and averaged over 2000 m2 grid areas after which it
was divided by the c grid to obtain the internal tide reflection condition map.

4.4 Results

4.4.1 Geomorphologic analysis

4.4.1.1 Tectonic features

The acoustic basement of the study area is characterised by a horst structure and a tilted
block delimited by normal faults (Fig. 4.4 A) with a WSW-ENE orientation (Fig. 4.3
B; Boillot & Malod 1988). The seismics reflections of the overlying units are tectonically
deformed (Fig. 4.4). In the western part of the study area, these basement blocks crop out
from below the Ortegal Spur marginal platform and form WSW-ENE oriented structural
highs at the southern edge of Ferrol Canyon and to the north of the A Coruña Canyon
(Fig. 4.3 B). These basement outcrops are characterised by a rugged relief with steep
slope angles (up to 40°) and high average backscatter intensity (~ -25 dB; Fig. 4.3 B). In
the northern part of the Ferrol canyon head and in the northern part of the Ortegal Spur
marginal platform, similar WSW-ENE oriented structural highs occur in association with
normal faults (Fig. 4.3 B). Since no seismic profiles were collected over these features,
they were classified as undefined basement outcrops. Several smaller WSW-ENE oriented
faults are also present throughout the SE of the Ortegal Spur marginal platform (Fig. 4.3
B) and are associated with a minor offset of the deeper seismic reflections (Fig. 4.4).

4.4.1.2 Erosional features

4.4.1.2.1 Erosional and abraded surfaces

The walls of the Ferrol and A Coruña canyon heads are formed by several erosional
surfaces situated between 450-700 m depth (Fig. 4.3 B). These erosional surfaces have
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high average backscatter intensity (-20 to -28 dB; Fig. 4.3 A) and their subsurface seismic
appearance is characterised by truncated reflections (Fig. 4.4 B, C). The erosional surface
at the A Coruña canyon head is 0.3-1.5 km wide and forms an escarpment with slope
angles of up to ~ 20° (Fig. 4.3 B). In the south, this escarpment has a SW-NE orientation
and a height of ~ 20 m which gradually increases towards the SW. After changing direction
to a SSW-NNE orientation it reaches a height of up to ~ 100 m (Fig. 4.4 C) and is
interrupted by the outcropping basement to the north (Fig. 4.3 B). The erosional surface
in the central part of the study area forms a 1.4 km wide E-W oriented escarpment with
a slope angle of up to ~ 12° (Fig. 4.3 B) on its southern end. To the north, it curves to
a SW-NE orientation, broadens to ~ 5 km while the slope angle decreases to ~ 3° (Fig.
4.4 B) before it eventually disappears below a drift (Fig. 4.3 B). At the most proximal
part of the Ferrol canyon head, the erosional surface has a relatively constant width of
~ 1 km and forms an escarpment with slopes angles of ~8°. From south to north it first
has a N-S orientation with height of ~ 40 m, then gradually becomes higher up to ~ 60
m as it changes to an E-W orientation (Fig. 4.3 B).

An abraded surface occupies the central part of the Ferrol canyon head, between 550-1000
m depth (Fig. 4.3 B). Compared to the smooth erosive surfaces, it has an irregular relief
characterised by furrows that truncate the seafloor-parallel reflections of the deeper strata
(Fig. 4.4 B). It is characterised by high average backscatter intensities (-22 dB; Fig. 4.3
A) and a relatively low average slope angle of ~ 3°, although significant local variation in
backscatter intensity and slope occur.

4.4.1.2.2 Channels

The area hosts several slope-parallel to slope-oblique oriented channels associated with
contourite drifts, termed “contourite channels” or “moats”. Most noticeable are the moats
that run along the base of the escarpments formed by the erosional surfaces (Fig. 4.3
B). They closely follow the shape of the erosional surface as it changes orientation (Fig.
4.3 B) and are characterised by similar backscatter values (-20 to -28 dB; Fig. 4.3 A).
In cross section, the moats have an asymmetric V-shape with the steeper wall facing
basinward, truncating the reflections that constitute the Ortegal Spur marginal platform
(Fig. 4.4 C). A 12 km long moat up to ~ 700 m wide and ~ 30 m deep occurs near the
A Coruña canyon head (Fig. 4.3 B, 4.4 C). In the central part of the study area, a 4 km
moat with limited width ~ 100 m and depth ~ 1 m is developed (Fig. 4.3 B). The largest
moat of up to ~ 20 km long, ~ 600 m wide and ~ 14 m deep is located at the base of the
Ferrol canyon head walls and evolves from an along-slope orientation to a slope-oblique
orientation as it follows the erosional surface (Fig. 4.3 B). Several smaller contourite
channels with an orientation perpendicular to the overall slope trend run along the base
of the WSW-ENE oriented structural highs formed by the outcropping basement or the
abraded surface (Fig. 4.3 B) and incise into the basement and the overlying strata (Fig.
4.4 A).

On the Ortegal Spur marginal platform at shallower (450-600 m) water depths, a cross-
slope oriented U-shaped channel occurs at the edge of the study area along the base of a
SW-NE oriented outcropping basement block (Fig. 4.3 B). This channel is not associated
with an apparent contourite drift and was not classified as a contourite channel. The
absence of seismic data in this area did not allow further investigation of this feature and
hence it was not discussed.
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Figure 4.3: (A) Mosaic of high resolution multibeam backscatter intensities; (B) geomor-
phologic analysis of the study area; basement structures and faults were modified from
Boillot & Malod (1988).
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4.4.1.2.3 Furrows

The abraded surface and the outcropping basement between 550-1000 m depth are incised
by many rectilinear to sinusoidal furrows which are predominantly parallel to the slope,
although furrows oblique and even perpendicular to the overall slope also occur (Fig. 4.3
B). The furrows exhibit very high average backscatter intensities (-20 dB) with occasional
lower backscatter intensity (-30 dB) patches on their basinward rim (Fig. 4.3 A). In cross
section they display V to U shaped incisions that truncate the seismic reflections on
their walls (Fig. 4.4 B). They are between 0.4-7 km long, 100-300 m wide and incise the
stratigraphy up to ~ 80 m deep (Fig. 4.3 B).

4.4.1.2.4 Blind valley

At the SW edge of the Ortegal Spur marginal platform, immediately overlying a large
normal fault associated with a basement horst structure, a blind valley is identified (Fig.
4.3 B). The valley has slopes of up to ~ 10° which exhibit a higher backscatter intensity
(~ -25 dB) than the surrounding seafloor (~ -30 dB) and the channel axis (~ -30 dB; Fig.
4.3 A). It has a V-shaped cross section which cuts the underlying reflections (Fig. 4.5 C).
Near its head, it is about 300 m wide and 4 m deep but widens to 1000 m and deepens
to 7 m and near the edge of the sedimentary platform where it ends onto the erosional
surface.

4.4.1.3 Depositional features

4.4.1.3.1 Contourite drifts

Contourite drifts, lenticular shaped sediment bodies with an upwardly convex geome-
try, smooth topography and low average backscatter values (-30 dB; Fig. 4.3 A) occur
throughout the study area between 450-1300 m depth (Fig. 4.3 B). They are subdivided
into four types: Mounded elongated and separated drifts, confined drifts, mounded patch
drifts, and plastered drifts. Two mounded, elongated and separated drifts exist downslope
from the moats at the base of the erosional surfaces (Fig. 4.3 B). In cross section, they
are characterised by mounded stratified high amplitude reflections displaying an upslope
progradation (Fig. 4.4 C). As the deposit extends basinward, it decreases in thickness
(Fig. 4.4 C). The largest such drift is present near the A Coruña canyon head and is
~ 20 km long and ~ 5 km wide. Noticeably, the drift closely follows the changes in the
orientation of the topography and continues to the west, outside the study area (Fig. 4.3
B). The eastern edge of the drift has a crest of 8 m above the moat and it gradually
becomes higher towards the west with a maximum of 40 m. In the central part of the
area, a smaller separated mounded drift is present, elongated along the SW-NE oriented
erosional surface (Fig. 4.3 B). It is ~ 6 km long and ~ 5 km wide and has an elevation
of about 2 m at the drift crest. It decreases in height towards the NW until it disap-
pears where the erosional surface broadens (Fig. 4.3 B). In the Ferrol canyon head, two
confined drifts are delimited by contourite channels running along the base of the steep
erosional surface and the structural highs formed by the outcropping basement (Fig. 4.3
B). They have a mounded morphology which is most defined adjacent to the channels on
their western and northern boundary (Fig. 4.3 B). The confined drift located along the
N-S oriented erosional surface is ~ 3 km wide and ~ 6 km long and reaches an elevation
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of 5 m along the channels on its northern and western edge. The northern most confined
drift is ~3 km wide, ~ 8 km long and reaches an elevation of up to ~ 20 m adjacent to the
moat at the base of the E-W oriented erosional surface (Fig. 4.3 B). Two small mounded
patch drifts of ~ 1.5 km wide and ~ 2 km long with a crest elevation of ~ 10 m are
deposited on the abraded surface and are laterally connected to a larger plastered drift
(Fig. 4.3 B). This plastered drift is located at 460-640 m depth on the broad erosional
surface and outer Ortegal Spur platform along an EW-oriented contourite channel (Fig.
4.3 B). In cross section it exhibits low mounded, high amplitude reflections that prograde
downslope towards the channel (Fig. 4.4 A). The drift is ~ 4 km wide and ~ 7 km long
and is elongated in an E-W direction. Its crest has an elevation of ~ 20 m above the
moat.

4.4.1.3.2 Sediment waves

On the surface of the confined drift in the Ferrol canyon head, a sediment wave field is
present at 580-670 m depth (Fig. 4.3 B). The asymmetric waves are oriented perpendic-
ular to the slope with the lee side pointing in the upslope direction. Some of the wave
lee sides are characterised by higher average backscatter intensity (-20 dB; Fig. 4.3 A).
The waves have a wave height of ~ 1 m, a wavelength of ~ 400 m and narrow, relatively
straight crests of 0.6-2 km long.

4.4.1.4 Mixed (erosional and depositional) features

The most noticeable feature of the study area is the large contourite terrace which forms
the upper slope part of the Ortegal Spur marginal platform between 200-600 m depth
(Fig. 4.3 B). Its landward boundary is not defined as it lies outside the study area
but likely coincides with the shelf break at ~ 200 m depth. Its basinward boundary is
formed by the steep erosional surfaces. To the south of the Ferrol canyon head, this
terrace reaches a width of up to 20 km and dips toward the NW while to the north of
the Ferrol Canyon it dips towards the SW (Fig. 4.3 B). The upper part of the terrace
reaches down to 500 m depth, has a slope angle of 0-2° and is characterised by a high
average backscatter intensity (-38 dB; Fig. 4.3). Its subsurface seismofacies consists
of high amplitude seafloor-parallel to chaotic reflections which fill in the topography of
the tectonically deformed strata below (Fig. 4.4, 4.5 A, B), indicating a dominantly
depositional regime. In contrast, the outer part of the terrace has a steeper slope angle of
2-4° and a higher average backscatter intensity of -28 dB (Fig. 4.3 A). It has a variable
width of 1-5 km and its seismofacies is characterised by truncated reflections (Fig. 4.4,
4.5 C) indicating a dominantly erosional regime. In the central part of the study area,
the erosional surface broadens and the lower boundary of the terrace is not well defined.
Here, the outer part of the terrace is covered by a plastered drift (Fig. 4.3 B, 4.4 A).
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Figure 4.4: Sparker reflection seismic profiles (for locations see Fig. 4.2). (A) N-S profile
over the contourite terrace with an associated plastered drift and a moat at its lower
edge. The acoustic basement (AB) is affected by several normal faults forming a horst
structure and a tilted block. (B) W-E profile over the contourite terrace, erosional surface
and abraded surface incised by several furrows. (C) W-E profile over the contourite
terrace, erosional surface and mounded elongated and separated drift with associated
moat. Hydrographic panels are based on WOD13 CTD data collected between March
and May (1990-1996) and two CTD casts collected in May 2009: Practical Salinity (colour
shading) and Temperature in °C (contours). ENACW = Eastern North Atlantic Central
Water; MSW = Mediterranean Sea Water. The hydrographic panels were made using
the Ocean Data View software (Schlitzer 2016).
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4.4.1.5 Mass wasting features

Mass wasting deposits are uncommon in the study area with the exception of a slide scar
and slump deposit at the edge of the A Coruña Canyon axis which occurs just to the
south of the study area (Fig. 4.3 B). The slide scar is ~ 7 km long and up to ~ 30 m high
and has a complex shape with several amphitheatre shaped subsections (Fig. 4.3 B).

4.4.1.6 Fluid migration features

In the eastern and south-eastern part of the study area between 250-450 m depth, 55
pockmarks, circular to oval seafloor depressions occur (Fig. 4.3 B). They are part of a
larger pockmark field on the Ortegal Spur, which extends towards the east outside the
study area (Jané et al. 2010). Their morphological characteristics (Table 4.1) fall within
standard pockmark dimensions (Pilcher & Argent 2007) and are in agreement with those
derived for the entire Ortegal Spur pockmark field (Jané et al. 2010). These features
have low average backscatter intensities (-37 dB) although some exhibit higher intensity
(-30 dB) patches on their rim and slopes (Fig. 4.3 A).

On the seismic profiles, the pockmarks are characterised by seafloor depressions which
truncate the uppermost reflections and in some cases, an elevated rim is observed (Fig.
4.5 A, B). Several acoustic anomalies related to fluid migration occur in the underlying
strata (Fig. 4.5 A, B): vertical dim and wipe out zones, bright spots, dim spots and
intra-sedimentary doming (Hovland & Judd 1988, Løseth et al. 2009).

Figure 4.5: Seismic anomalies related to fluid migration (for locations see Fig. 4.2):
(A) Large pockmark and elevated rim with an underlying vertical wipe out zone, bright
spots and vertical dim zones. (B) Pockmark with an associated wipe out zone, intra-
sedimentary doming and vertical dim zones. (C) Mini-mounds on the Ortegal Spur terrace
to the south of the Ferrol Canyon head. Left mini-mound positioned above reflection pull-
up, dim spots, vertical discontinuity and dim zones.
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Table 4.1: Number of identified features, water depth range and morphological charac-
teristics (noted as median [interquartile range]) of the different groups.

group n water depth
m

diameter
m

height/depth
m

slope
°

nearest neighbour
m

pockmarks 55 270-443 101[72-164] 2.05[1.36-3.68] 4.13[2.82-5.81] 901[423-1169]
southern mini-mounds 54 418-534 153[92-185] 2.24[1.7-3.06] 3.27[2.72-4.12] 491[233-910]
northern mini-mounds 117 431-554 85[61-129] 1.77[1.16-3.08] 3.07[2.37-3.8] 161[108-272]

4.4.1.7 Biogenic features

On the Ortegal Spur, 171 small circular mounded features occur both to the north of
Ferrol canyon head (“northern mini-mounds”) as well as to the south-east of the canyon
head (“southern mini-mounds”), adjacent to the pockmark field. They are present be-
tween 400-550 m depth on both the depositional and erosional part of the contourite
terrace (Fig. 4.3 B). The mini-mounds on both sides of the canyon have different mor-
phological characteristics (Table 4.1). The southern mini-mounds have a larger diameter
and a more dispersed distribution while the more numerous northern mini-mounds are
smaller and more clustered. Mound height and slopes are relatively similar with slightly
higher values for the southern mini-mounds (Table 4.1). The mounds display average
backscatter values of -27 dB and they thus turn up as brighter dots on the low backscat-
ter (-38 dB) depositional region of the terrace (Fig. 4.3 A, 4.6). On the erosional, outer
part of the terrace with higher average backscatter intensity (-28 dB), the mounds display
a high backscatter centre (-27 dB) with a low backscatter rim (-35 dB; Fig. 4.3 A). Some
circular high backscatter patches, not associated with seafloor elevations, are apparent
however they were not interpreted as mini-mounds.

On the seismic profiles, the southern mini-mounds exhibit small elevations of the seafloor
reflection without any subsurface expression (Fig. 4.5 C, right mound). However, in
some of the mounds, the underlying strata display several acoustic anomalies related to
fluid flow (Løseth et al. 2009): vertical dim zones, discontinuities and dim spots (Fig.
4.5 C, left mound). Pull-up of the reflections below the mound indicates a local increase
of sound velocity within the mini-mound. No seismic profiles were acquired over the
northern mini-mounds.

The seafloor facies of the mini-mounds was characterised by bioturbated mixed bioclastic
and siliciclastic sand with scattered coral rubble (Fig. 4.6 A, C). The coral rubble con-
sisted predominantly of fossil L. pertusa branches as well as large, mostly buried coral
framework (Fig. 4.6 A). Although the off-mound areas were not extensively explored,
the area between and at the edge of the mounds was devoid of coral rubble, consisting
only of mixed bioclastic and siliciclastic sands (Fig. 4.7 B, C). Sedimentary bed forms
related to bottom currents were not observed. Although the fossil L. pertusa rubble was
abundant, no living scleractinians were observed. U-Th dating of a large coral sample
revealed it developed between 9.64-9.34 ± 0.03 ka BP (Table 4.2). Low 232Th concentra-
tions (< 0.4 ppb; Table 4.2), within the range of well-cleaned modern corals (0.1-2.4 ppb;
van de Flierdt et al. 2010) indicate that the cleaning method was successful in removing
contaminants. Furthermore, δ234Uo values are within the 5 ‰ range criterion (Dutton &
Lambeck 2012) of modern (146.8 ± 0.1 ‰; Andersen et al. 2010) used as a reference for
the detection of closed system behaviour of the coral and hence these ages are considered
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to be reliable (Table 4.2).

Table 4.2: Results from U/Th isotope analysis presented as mean±2SE. Replicated
samples are in bold face. *U/Th ages were corrected using the averaged intermediate
North Atlantic seawater [230Th/232Th] activity ratio of 10 ± 4 (Moran et al. 1995, Vogler
et al. 1998) as the estimated initial [230Th/232Th].

Sample ID 238U
ppm

232Th
ppb

δ234Um

‰ measured
[ 230T h

238U
]

activity
[ 230T h

232T h
]

activity
Age
ka BP

Corrected Age*
ka BP

δ234Uinitial

‰ corrected

B09-11-01 3.370±0.005 0.1492±0.0001 146.81±0.93 0.0978±0.0001 6743.4±10.3 9.654±0.024 9.640±0.029 150.89±0.95
B09-11-02 3.450±0.003 0.2480±0.0001 147.13±0.78 0.0950±0.0001 4036.7±4.9 9.359±0.018 9.338±0.028 151.09±0.80
B09-11-03 3.792±0.004 0.3759±0.0002 145.62±0.86 0.0951±0.0001 2928.3±3.5 9.381±0.019 9.351±0.032 149.55±0.88

Figure 4.6: ROV observations over the mini-mounds: (A) Example image of mound
facies: bioturbated seafloor with mixed bioclastic and siliciclastic sands with buried L.
pertusa framework and scattered coral rubble; (B) Example image of off-mound facies:
bioturbated seafloor with mixed bioclastic and siliciclastic sands. (C) Detailed hill shaded
bathymetry map of identified mini-mounds (for location see Fig. 4.2) with mapped feature
outline.

4.4.2 Morphometric analysis of mini-mounds and pockmarks

The principal component analysis indicates that the morphological characteristics of the
southern mini-mounds and the pockmarks form largely overlapping clusters (Fig. 4.7),
indicating similarity in the feature morphology. However, the pockmarks seem to have a
slightly more elongated shape (smaller width to length ratio) and a smaller azimuth of the
elongated axis. The characteristics of the northern mounds, even though largely overlap-
ping with the other features, are clearly different (Fig. 4.7). This difference is captured
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by the first principal component that loads primarily on the nearest neighbour distance
and mean feature diameter, indicating that the northern mounds are both smaller in size
and more clustered compared to the other groups (Fig. 4.7). The PERMANOVA test
over all groups indicates a highly significant difference in morphological characteristics
between at least one pair of the feature groups (Table 4.3). Follow-up pairwise tests
indicate that, considering a Bonferroni correction of the significance level α = 0.0167, the
morphological characteristics of the pockmarks and southern mini-mounds are not signif-
icantly different (Table 4.3). In contrast, a highly significant difference results from the
comparison of both pockmarks with northern mini-mounds and northern with southern
mini-mounds (Table 4.3).

Figure 4.7: Scatterplot of the principal components (A) PC1 vs. PC2 and (B) PC1
vs. PC3. Ellipses contain 95 % of data points of each group. Red arrows represent the
loadings of the different morphological characteristics on each of the principal components:
mean_diam: mean diameter, nn_dist: nearest neighbor distance, w_l_ratio: width to
length ratio, azimuth: the azimuth of the long axis.
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Table 4.3: Results of PERMANOVA test for all groups and follow-up pairwise tests.
P-values are calculated using 10000 permutations.

Groups in PERMANOVA test pseudo-F statistic permutational P-value
all 52.08 0.0001
pockmarks - southern mini-mounds 5.60 0.0179
pockmarks - northern mini-mounds 116.38 0.0001
northern mini-mounds - southern mini-mounds 59.83 0.0001

4.4.3 Oceanography

4.4.3.1 Water masses and their interfaces

The collected CTD data are displayed in Fig. 4.8. The seasonal thermocline was observed
around 75 m depth. At the shallow station (CTD2 in Fig. 4.2, dashed line in Fig.
4.8) between 75-400 m, the temperature and salinity decreased from 12.5° C to 11.4° C
and 35.75 to 35.65 respectively. Below, the salinity increased to 35.7 at the bottom of
the station (450 m depth) while temperature remained constant. At the deep station
(CTD 1 in Fig. 4.2, full line in Fig. 4.8), the water column between 75-500 m depth
was characterised by similar salinity (35.6-35.7) and temperature (11-12° C) values. A
salinity minimum was observed at 500 m depth, below which salinity increased reaching
a maximum of 36.1 at 900 m (Fig. 4.8 A). The temperature reached a local minimum
of 10.6° C around 650 m depth below which it increased to a local maximum of 11.4°
C at 800 m. Between 800-1150 m depth, temperature and salinity remained within a
narrow T-S envelope (10.5-11.5° C and 36.0-36.1). Below, both temperature and salinity
decreased to 7.6° C and 35.6 respectively at the bottom of the station (1500 m; Fig. 4.8
A).

θ −S mixing triangle calculations (Fig. 4.8 B) indicate that ENACW occupied the water
column between 75-600 m depth at the deep site (CTD1) and was the only water mass
observed at the shallow site (CTD2). The MSW core was observed between 740-1470
m depth (dark grey zone in Fig. 4.8). The depth interval 600-740 m corresponded to a
mixing zone between the ENACW and the MSW where the contribution of MSW changed
from 20% to 40% (light grey zone in Fig. 4.8). Although LSW was not observed in the
study area, its influence increased from 0.5 % to 45 % between 1150-1500 m depth where
it mixed with the lower MSW boundary. The pycnocline and hence the maximum in
buoyancy frequency occurred between 500-900 m depth and corresponds to the lower
ENACW, the ENACW-MSW mixing zone and the upper MSW core (Fig. 4.8 C). These
results were collected in May before seasonal upwelling sets in and are generally consistent
with the March to May WOD13 data (Fig. 4.4) and results from García Lafuente et al.
(2008).

4.4.3.2 Internal tide topography interaction

The ratio of the slope of the topography γ to the angle of the characteristics of M2 internal
tides c (equation (4.1)) determines how the characteristics will be reflected upon inter-
action with the continental margin topography (Cacchione & Wunsch 1974, Cacchione
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et al. 2002). Where the slopes are subcritical (γ/c < 1) or supercritical (γ/c > 1) the
incoming internal tides will be reflected upslope (“transmissive”) or reflected downslope
(“reflective”) respectively about the direction of the local gravity vector. However, when
the slopes are at a critical angle (γ/c ≈ 1), the wave energy becomes trapped along the
bottom layer resulting in breaking of the waves and increased bottom current velocities
and bottom shear stress (Cacchione et al. 2002, Lamb 2014). Critical slopes are also
areas of internal tide generation, where they interact with the barotropic tide (Balmforth
et al. 2002, Zhang et al. 2008), a process which also results in enhanced bottom current
velocities (Lamb 2014). Such critical conditions for M2 internal tides are present within
the Ferrol canyon head, at the location of the abraded surface, the sediment wave field
and the contourite drifts (Fig. 4.8 D). The steep slopes of the erosional surfaces at the
canyon head walls and the outcropping basement ridges are supercritical (Fig. 4.8 D).
Interestingly, on the contourite terrace at the Ortegal Spur, the outer erosional region is
characterised by near-critical conditions, while the depositional part of the terrace is sub-
critical (Fig. 4.8 D). It should be noted that the density profile changes during seasonal
upwelling and downwelling events (García Lafuente et al. 2008) hence the N profile and
critical reflection map may also display seasonal changes (Cacchione et al. 2002) which
were not evaluated.

Figure 4.8 (preceding page): (A) Salinity and temperature profile of CTD1 (full line)
and CTD 2 (dashed line; for location see Fig. 4.2) with indication of the water masses:
ENACW = Eastern North Atlantic Central Water; MSW = Mediterranean Sea Water.
(B) θ − S plot of CTD1 with potential density contours. The black lines indicate mixing
triangles and the blue dots represent reference points for the different water mass end-
members: (1) lower end of ENACW of subtropical origin (Harvey 1982); (2) lower end
of ENACW of subpolar origin (Castro et al. 1998); (3) lower core of MSW in Cape St-
Vincent (Ambar & Howe 1979b); (4) Labrador Sea Water (LSW; Talley & McCartney
1982, Cunningham & Haine 1995). (C) Potential density σθ and buoyancy frequency
N profile of CTD1 (full line) and CTD2 (dashed line). The vertical blue box indicates
the potential density range σθ = 27.35-27.65 kg/m3. (D) Map of the M2 internal tide
reflection condition γ/c with γ the slope of the topography and c the characteristic angle
of the incoming internal tides. The dark grey zones represent the MSW core where
the fraction of (3) is greater than 40%. The light grey zones represents the ENACW-
MSW mixing zone where the fraction of (3) is between 20% and 40%. The yellow zones
corresponds to the depth interval of the mini-mounds.
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4.5 Discussion

4.5.1 Sedimentary and Oceanographic processes

Detailed geomorphological analysis of the Ferrol canyon head and Ortegal Spur reveals a
complex interplay of tectonic processes which control the large-scale morphology (Maestro
et al. 2013) through the uplift of large WSW-ENE oriented structural highs delimiting
the submarine canyons (Fig. 4.3 B, 4.4 A) and sedimentary processes controlling the
wide variety of identified seabed morphologies at a more local scale (Fig. 4.3 B). Many of
the observed erosional (erosional and abraded surfaces, contourite channels and furrows),
depositional (contourite drifts and sediment waves) and mixed features (contourite ter-
race) demonstrate a dominant control of bottom currents on the sedimentary processes
(Rebesco et al. 2014). This was first recognised by Hernández-Molina et al. (2011) who
described the sedimentary architecture of the Ortegal Spur as a contourite depositional
system (CDS) connected to the MSW. The MSW acts as a northward density-driven
slope current with a speed proportional to the density difference with the surrounding
water masses and the slope of the topography (Price & Baringer 1994, Baringer & Price
1999, Iorga & Lozier 1999b, Legg et al. 2009, Hernández-Molina et al. 2011). The change
in regional slope trend at the Ortegal Spur forms an obstacle to this boundary current as
it flows around the Ortegal Spur and into the Bay of Biscay (Iorga & Lozier 1999b, García
Lafuente et al. 2008), locally enhancing its velocity (Hernández-Molina et al. 2011).

The CTD data, collected before the onset of seasonal upwelling, indicate that the con-
temporary MSW reaches up to 740 m depth while the mixing zone with the overlying
ENACW reaches up to 600 m (Fig. 4.4, 4.8). However, during the upwelling season, the
MSW core and mixing zone are displaced upslope by as much as 100 m (García Lafuente
et al. 2008, Prieto et al. 2013). The identified erosional and depositional features in the
Ferrol Canyon and A Coruña canyon heads (Fig. 4.3 B) are thus, either continuously
or seasonally, influenced by this water mass. It’s impact on the sedimentary regime in
the Ferrol canyon head is indicated by the moats and mounded contourite drifts at the
base of the steep erosional surfaces which form the canyon walls and against outcropping
basement ridges (Faugères et al. 1999, Rebesco et al. 2014). Here, the MSW density
current is focused against the steep topography by the coriolis force (McCave 1982),
resulting locally in increased bottom current velocities that are able to induce erosion
within the moats and along the steep wall (on the order of 10-50 cm/s; Stow et al. 2009,
Hernández-Molina et al. 2011). Due to bottom friction, a secondary flow (Ekman trans-
port) develops within the bottom boundary layer of the current core which is oriented
downslope, oblique to the main flow (Wåhlin & Walin 2001, Rebesco et al. 2014). As
a result, the eroded sediment is transported downslope, where bottom current velocities
are lower and deposition results in the formation of mounded contourite drifts adjacent
to the moats (Fig. 4.4 C; Faugères et al. 1999, Llave et al. 2007). On the southern flank
of the WSW-ENE basement ridges and E-W oriented erosional surface, this along-slope
flow is steered in a downslope direction as evidenced by moats and drifts crossing the
isobaths along the base of these features (Fig. 4.3 B). This downslope steering of along-
slope density-driven currents by topographic obstacles has been described from modelling
and observation (Darelius & Wåhlin 2007) and was recreated in laboratory experiments
(Darelius 2008). In the central part of the study area, the broad erosional and abraded
surfaces (Fig. 4.3 B) have a lower average slope angle and likely indicate the presence
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of less confined tabular bottom currents (Rebesco et al. 2014). Local variation in the
bottom current velocities due to interaction with the irregular topography of the abraded
surface and outcropping basement likely resulted in the incision of furrows with steep
basinward facing walls parallel to or oblique to the isobaths (Fig. 4.3 B, 4.4 B; Stow et al.
2002, Rebesco & Camerlenghi 2008, Hernández-Molina et al. 2011, Rebesco et al. 2014).

The conceptual model of topographic steering of the MSW density current explains many
of the along-slope oriented features as well as slope-oblique oriented features near topo-
graphic obstacles. However, the sediment wave field with crests parallel to the isobaths as
well as several slope-perpendicular furrows cannot be explained by along-slope processes
and suggest a more cross-slope oriented process associated to the bottom currents (Fig.
4.3 B). The sediment waves’ sinuous crest shape and dimensions are characteristic for
sand waves which generally have wavelengths of 5-500 m and wave heights of 0.5-5 m
(Stow et al. 2009). Their asymmetry suggest an upslope migration (Wynn & Masson
2008). The assumption of sandy sediment based on the wave morphology is supported
by the observation of fine to medium sand on the upper NW Iberian slope (Flach et al.
2002, van Weering et al. 2002). Such sand waves generally form under the influence
of bottom currents perpendicular to the wave crests with velocities between 0.30-0.75
m/s (Stow et al. 2009). Furthermore, furrows crossing the isobaths on the abraded
surface suggest cross-slope bottom current velocities > 0.30 m/s in the case of muddy
sediment or > 0.60 m/s in case of sandy sediment (Stow et al. 2009). These features
are situated on a slope critical to M2 internal tides (Fig. 4.8 D) and hence an important
component of the cross-slope bottom currents is likely generated by breaking of internal
tides and formation of tidal bores upon interaction with the critical slopes (Cacchione et
al. 2002, Lamb 2014). Cross-slope oriented, baroclinic bottom currents up to 0.19 m/s
at M2 frequency have been reported on the open slope at 1100 m depth to the south
of the study area (García-Lafuente et al. 2006). Within the Ferrol canyon head, such
baroclinic currents are expected to be intensified for two reasons: (1) The position at
pycnocline depth, where stratification (and hence buoyancy frequency) is at a maximum
(Fig. 4.8 C), results in an efficient conversion of barotropic to baroclinic tide energy over
the critical slopes (Baines 1982, Zhang et al. 2008, Vlasenko et al. 2014); (2) focussing of
internal tides by downward reflection of incoming internal tide beams at the supercritical
erosional surfaces of the canyon head walls (Fig. 4.8 D) concentrates the tidal energy
along the critical bottom layer in the canyon head below (García-Lafuente et al. 2006,
Vlasenko et al. 2016). This interaction of tidal currents (both barotropic and baroclinic)
with canyon topography has been reported to generate bottom currents with velocities
that commonly range between 0.25-0.50 m/s (Shepard 1975, Shanmugam 2003, Pomar et
al. 2012) although several authors have reported maximum velocities of up to 1 m/s (Lee
et al. 2009, Mulder et al. 2012). This process thus generates bottom currents of sufficient
magnitude to form the observed furrows and sediment waves in the Ferrol canyon head.
Internal tide and wave activity has also been proposed as a formation mechanism for
sediment waves near pycnoclines in the Bay of Biscay (Faugères et al. 2002, Delivet et
al. 2016) and on other continental slopes (He et al. 2008, Reeder et al. 2011, Preu et al.
2013, Belde et al. 2015, Ribó et al. 2016, Hernández-Molina et al. 2017).

Contourite terraces, like the one on the Ortegal spur (Fig. 4.3 B, 4.4), are typically
associated with water mass boundaries and their low mounded shape is the result of
erosion through the persistent action of internal waves and tides associated with the
pycnocline at these boundaries (Hernández-Molina et al. 2009, 2016, 2017, Preu et al.
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2013). The Ortegal spur contourite terrace is situated at 200-600 m depth (Fig. 4.3
B) above the contemporary ENACW-MSW interface (Fig. 4.8 C). This suggests that
the interface was in a shallower position in the past. In the present day, resuspension
and erosion by bottom currents is restricted to the outer part of the terrace below 450
m depth (Fig. 4.3 B, 4.4) which coincides with the upper edge of the pycnocline (Fig.
4.8 C). The slope of this region is near-critical to M2 internal tides (Fig. 4.8 D) and
hence the erosional regime on the outer terrace may also be attributed to generation and
breaking of internal tides (Lamb 2014). The plastered drift at the base of the terrace
(Fig. 4.3 B, 4.4 C) is likely formed by an unconfined along-slope current over the broad
erosional surface which transports the resuspended sediment and deposits it against the
outcropping basement ridge to the north. In contrast, the depositional part of the terrace
(Fig. 4.3 B, 4.4) lies outside the present-day pycnocline (Fig. 4.8 C) and slopes are
subcritical (Fig. 4.8 D). Here bottom currents are insufficient to resuspend the observed
mixed biogenic siliciclastic sands (Fig. 4.6 B) resulting in a depositional regime.

The dominance of erosional features around the Ferrol canyon head indicates that the area
is subject to active sediment resuspension. The resuspended sediment likely contributes
significantly to the formation of the intermediate nepheloid layer reported at 500-800 m
depth along the NW Iberian margin (McCave & Hall 2002). In addition to sediment
resuspended from the shelf-edge (McCave & Hall 2002, van Weering et al. 2002), the
Ferrol canyon head might act as an important source area for sediment transported to
the deeper ocean. If this is the case, it likely also contributes sediments to the large
plastered drift of the Ortegal CDS located downslope (Llave et al. 2015).

4.5.2 Mini-mounds

4.5.2.1 Early stage CWC mounds

The observed association of fossil L. pertusa rubble with the mini-mounds (Fig. 4.7 A,
C) suggests that these seafloor elevations are biogenic structures formed by CWC growth.
This cover of fossil CWC rubble explains the higher backscatter intensities observed on
top of many of the mounds (Fig. 4.3 A, 4.6 D). CWC reefs are thought to initiate
by settling of coral larvae on firm and preferentially elevated substrate (Wheeler et al.
2007, de Haas et al. 2008). As the reef grows, the older polyps at the bottom of the
coral framework die and the exposed skeleton becomes susceptible to bio erosion (Beuck
& Freiwald 2005). The resulting coral rubble falls down and extends the perimeter of
the reef patch, providing settling ground for new generations of larvae (Roberts et al.
2006). The coral framework slows down the bottom currents by frictional drag and
thus baffles bypassing sediment. This locally enhances sedimentation rates and results
in the formation of a mounded biogenic structure (Dorschel et al. 2005, de Haas et al.
2008, Mienis et al. 2009a, Eisele et al. 2014). If favourable conditions for coral growth
are present or recurrent over long time scales, individual reefs are able to coalesce and
form giant mounds (e.g. Belgica Mound Province; De Mol et al. 2005a) which have a
“developed morphology” shaped by the prevailing hydrodynamic conditions (Wheeler et
al. 2007). However, in the early stages of this process, the mound will have a more
or less “inherited morphology”, which resembles that of the initially colonised substrate
(Wheeler et al. 2007). The mini-mounds near the Ferrol canyon head, with their limited
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elevation (1.9-2.7 m) and lack of subsurface expression (Fig. 4.5 C), likely resulted from
a short-lived episode of mound development and hence belong to the latter category.

Contemporary analogues for such early stage CWC mini-mounds were reported in the
Porcupine Seabight (Moira Mounds; Foubert et al. 2011, Wheeler et al. 2011), in the
Rockall Through (Darwin Mounds; Huvenne et al. 2009a, Victorero et al. 2016) and
on the Galicia Bank (Somoza et al. 2014). In contrast to these mounds, which support
a living CWC framework, no living coral was observed on the explored Ferrol Canyon
mini-mounds (Fig. 4.6 C). The cessation of CWC growth, likely resulting from a change
to unfavourable environmental conditions (see section 4.5.2.3), led to the collapse of
the reef framework after which it becomes filled in with sediment. Erosion by bottom
currents or organisms living on top of the extinct mound then resulted in the observed
seafloor facies of mostly buried L. pertusa framework and rubble on the mini-mounds
(Fig. 4.6 A; Dorschel et al. 2005, Douarin et al. 2014). Such relict CWC mini-mounds
with comparable dimensions (50-250 m in diameter, < 10 m high) have been reported
at similar water depths (250-550 m) near the head of submarine canyons in the Bay of
Biscay: Celtic margin (Stewart et al. 2014); Armorican margin (De Mol et al. 2011) and
Cantabrian margin (Sánchez et al. 2014).

4.5.2.2 Role of seepage

The close proximity of the pockmark field upslope from the southern mini-mounds triggers
the question whether there is a genetic link between these features. The Ortegal Spur
pockmarks are thought to be created by seepage of thermogenic gas and/or other pore
fluids from Late Cretaceous units migrating upwards along basement faults (Jané et al.
2010) which also underlie the mini-mounds (Fig. 4.3 B). The observation of seismic
anomalies (Løseth et al. 2009) suggests vertical and lateral fluid migration below both
the pockmarks and some of the mounds (Fig. 4.5), indicating a potential role of seepage
processes in mini-mound formation.

Mound morphology and spatial distribution, expected to be inherited from the colonised
feature (Wheeler et al. 2007), is not significantly different between the southern mini-
mounds and the adjacent pockmarks (Table 4.3; Fig. 4.7). Pre-existing pockmarks
may thus have provided preferential colonization surfaces for CWC larvae. Authigenic
carbonate cementation of soft sediments, often found in pockmarks and other seepage
sites (Friedman et al. 1988, Hovland & Judd 1988, Boetius et al. 2000, Greinert et
al. 2001, Magalhães et al. 2012) could have provided hard grounds, required for the
attachment of coral polyps and the initiation of reef growth (Wheeler et al. 2007, de
Haas et al. 2008). Although no direct seafloor observation of authigenic carbonate slabs
in the Ortegal Spur pockmarks have been made, their presence could explain the observed
patches of higher backscatter intensities on the slopes and rim of these features. This
process, where seepage features influence CWC mound initiation, has been proposed for
several CWC mound provinces (Kellogg et al. 2009, Wehrmann et al. 2011, Magalhães
et al. 2012, Somoza et al. 2014).

In contrast, the smaller and more clustered northern mini-mounds have a significantly
different morphology from both the southern mini-mounds and the pockmarks (Table
4.3; Fig. 4.7). These mounds have a similar degree of clustering as observed for mini-
mounds on the Celtic (Stewart et al. 2014) and Armorican margin (De Mol et al. 2011)
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where pockmarks have not been identified. In the absence of pre-existing pockmarks,
these mounds may have initiated by larvae colonization on smaller firm features like
dropstones (Wheeler et al. 2007, Victorero et al. 2016). This process however is not
exclusive to the northern region and may be responsible for some of the smaller southern
mini-mounds or mounds not associated with fluid migration (right mound in Fig. 4.5 C).

4.5.2.3 Role of oceanographic conditions and anthropogenic impact

The coral mini-mounds are situated within the ENACW water mass at temperatures of
10.8-11.4° C and salinity of 35.6-35.7 (Fig. 4.8 A). This falls within the wide range of
temperature (4-14° C) and salinity (32-38.9) reported for living cold-water corals in the
NE Atlantic (Rogers 1999, Freiwald et al. 2004, 2009). The depth range of the mini-
mound province overlaps with the upper edge of the pycnocline (Fig. 4.8 C) at 500 m
depth which marks the transition between the erosional and depositional region of the
contourite terrace (Fig. 4.3 B). The upper part of the coral mound province (400-500 m
depth) is located on the depositional part of the contourite terrace where bottom current
velocities are insufficent to resuspend sediments (Fig. 4.3 B). A vigorous bottom current
regime is important to sustain CWC reefs (White & Dorschel 2010, Mohn et al. 2014,
van Haren et al. 2014) as it significantly enhances the encounter rate of food particles
and prevents the corals from being smothered by sediment (White et al. 2005, Dorschel
et al. 2007, Davies & Guinotte 2011, Mienis et al. 2012a, b). Present-day hydrodynamic
conditions in the upper region of the mini-mound province are thus unfavourable for coral
growth, which is supported by the lack of living L. pertusa observed on the mounds in
this area (Fig. 4.6 A). In contrast, the lower part of the coral mound province (500-550
m depth) is situated on the erosional region of the terrace where bottom currents are
sufficient to cause resuspension (Fig. 4.3 B). This begs the question if CWC mound
development is an on-going process in this region which was not explored. While bottom
currents are present, they most likely are less vigorous than those occurring within the
Ferrol Canyon head in the depth range (600-1000 m) of the main pycnocline at the
interface of the ENACW and MSW and the MSW contour current (Fig. 4.8 C, D). This
depth interval also coincides with the potential density envelope σθ = 27.35-27.65 kg/m3

which hosts most living CWC reefs along the NE Atlantic margin (Fig. 4.8 C; Dullo et
al. 2008, Flögel et al. 2014, Rüggeberg et al. 2016). The observation of a living specimen
of Madrepora oculata in the Ferrol canyon head at 750 m depth (Fig. 4 B in Hernández-
Molina et al. 2010) indicates that conditions in this depth range are indeed able to
sustain CWC growth. Furthermore, nepheloid layers generated by the bottom currents
in this depth interval of the NW Iberian margin have been reported by McCave & Hall
(2002). In the Rockall Trough, high concentration of surface derived organic material
within these turbid layers has been linked to coral occurrence (e.g. Mienis et al. 2007)
but there currently is no conclusive evidence that this is also the case in the NW Iberian
INL (Hall et al. 2000). While on-going CWC mound growth in the deeper part of the
mini-mound province (500-550 m) cannot be excluded, the conditions at the uppermost
edge of both the pycnocline and the INL and outside the 27.35-27.65 kg/m3 density
envelope, are likely to be sub-optimal for CWC’s. Other factors than the hydrodynamic
conditions may also prevent contemporary coral growth on the mini-mounds. Present
day primary production along the Iberian margin is generally high due to the upwelling
regime (Bernárdez et al. 2008, Salgueiro et al. 2008) and unlikely to be a limiting factor.
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In contrast, the lack of contemporary coral growth might also be related to habitat
destruction by bottom trawling (Roberts et al. 2006) as the NW Iberian shelf and upper
slope have been subject to extensive fishing activities for several decades (Oberle et al.
2016). Influence of bottom trawling on similar mini-mounds on the Celtic margin has
been confirmed by the frequent seafloor observation of trawl marks (Stewart & Davies
2007) which potentially explains the highly fragmented and exposed L. pertusa rubble
accumulations observed on these mounds (Stewart et al. 2014). In comparison, no trawl
marks were encountered on the Ortegal Spur mini-mound province and the observation of
large, buried L. pertusa framework (Fig. 4.6 A) suggests a relatively undisturbed seafloor.
However, based on the limited explored area (Fig. 4.6) C), the potential impact of trawl
fishing and its role in the absence of active CWC growth cannot be ruled out.

4.5.2.4 Timing and palaeoceanographic implications

The abundance of CWC mini-mounds at 400-550 m water depth indicates that during
mound development this area hosted optimal conditions for coral growth. This implies
that the pycnocline and the potential density envelope associated with the ENACW-
MSW interface was up to 100-200 m shallower than today. When the density profile
changed towards its contemporary configuration, CWC likely migrated to more favourable
conditions within the Ferrol canyon head, causing the mini-mounds to become relict
features. Alternatively, the introduction of bottom trawling on the upper NW Iberian
slope might also have forced this migration as the rough topography in the canyon head
provides shelter from trawling activities. A CWC migration into submarine canyons was
also reported on the Celtic (Stewart et al. 2014), Armorican (De Mol et al. 2011) and
Cantabrian margin (Sánchez et al. 2014). The small dimensions and lack of subsurface
expression of the mound structures indicates that they likely developed as a result of
a short-lived episode of coral growth during the Holocene. U-Th dating of a single L.
pertusa branch (9.64-9.34 ± 0.03 ka BP) indicates mound growth was active during the
early Holocene. Interestingly, similar ages (9.1-7.4 ka BP) have been reported for the
fossil mini-mounds at 250-360 m depth on the Armorican margin (De Mol et al. 2011).
Although these preliminary ages suggest a natural cause for the CWC migration, there
is a need for a better age constraint on the CWC mini-mound development to rule out
an anthropogenic impact.

Considering the available data, we propose the hypothesis that the development of CWC
mini-mounds in shallow areas, reported here and on other sites along the Bay of Biscay
margin was a regional phenomenon as a result of a shallower ENACW-MSW water mass
interface during the early Holocene. The settling depth of the MSW and hence the
ENACW-MSW interface has been subject to large changes in the past (Schönfeld &
Zahn 2000, Rogerson et al. 2011, 2012) and is mainly controlled by NE Atlantic density
profile changes connected to the Atlantic Meridional Overturning Circulation (AMOC;
Rogerson et al. 2011, 2012). The early Holocene is characterised by an overall increased
AMOC intensity compared to the Last Glacial Maximum (LGM) and late Holocene as
evidenced by several records of Nordic sea overflow (Kissel et al. 2013, Thornalley et al.
2013) and North Atlantic Deep Water export (McManus et al. 2004, Lippold et al. 2016).
This is expected to have increased the vertical density gradient within the North Atlantic
over several millennia (Rogerson et al. 2011), resulting in a decreased settling depth of
the ENACW-MSW interface during time of mini-mound development. The present-day
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water mass configuration on the Iberian margin was established between 7.5 and 5.5
ka when the MSW core retreated to 800 m (Schönfeld & Zahn 2000) which shifted the
favourable conditions for CWC growth to deeper water depth.

4.6 Conclusions

This study has described the geomorphological features and oceanographic conditions
of the Ferrol canyon head and the Ortegal Spur on the NW Iberian upper slope. The
identified erosional (erosive and abraded surfaces, contourite channels and furrows), de-
positional (contourite drifts and sediment waves) and mixed (contourite terrace) features
indicate that sedimentary processes near the canyon head are predominantly controlled
by bottom currents. These currents result from the topographic steering of the density-
driven MSW slope current and from interaction between the canyon head topography
and M2 internal tides associated with the pycnocline at the ENACW-MSW interface.
Active resuspension within the Ferrol canyon head likely contributes to INL formation
and sediment transport to the deeper ocean.

Furthermore, this study has characterised a new province of CWC mini-mounds on a
contourite terrace at the edge of the Ferrol canyon head. A novel morphometric approach
based on semi-automated mapping and multivariate statistics was applied in order to
generate further insights in the relation between the CWC mini-mounds and the Ortegal
Spur pockmarks and explain the observed differences in the spatial distribution and
morphology. The relict mini-mounds occur upslope from the contemporary ENACW-
MSW interface, situated within the canyon head, where enhanced bottom currents favour
CWC growth. Although the position outside of these favourable conditions potentially
explains the absence of contemporary coral growth on the mini-mounds, the impact of
bottom trawling cannot be ruled out. A preliminary age constraint (9.64-9.34 ± 0.03
ka BP) reveals coral growth occurred during the early Holocene, coeval to relict CWC
mini-mounds in a similar setting on the Armorican margin. The existence of these CWC
mini-mounds suggests a regional shift in the NE Atlantic density profile, resulting in
an early Holocene ENACW-MSW interface which was up to 200 m shallower than in
the present. This is potentially connected to an increased AMOC intensity during the
early Holocene. As CWC mounds are great palaeoclimate archives, further investigation
of these mini-mounds could provide key insights in MSW palaeoceanography and its
influence along the NE Atlantic margin. Furthermore, additional coral dating will allow
to distinguish between a natural or an anthropogenic cause for the CWC demise in this
setting.

This contribution highlights the important role of bottom current processes on the sedi-
mentary environment in and around canyon heads located on the upper slope and adds
to a growing body of research which aims to better understand these processes and their
relation to different oceanographic phenomena.
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Chapter 5

Early to mid-Holocene variations in
upwelling and deep water ventilation
along the Celtic margin

An edited version of this chapter will be published as:

Collart, T., Colin, C., Tisnérat-Laborde, N., Pons‐Branchu, E., Douville, E., Dominique,
B., Stewart, H., Mienis, F., Van Rooij, D., in prep. Early to mid-Holocene variations
in upwelling and deep water ventilation along the Celtic margin. Earth and Planetary
Science Letters.

Abstract: The Holocene is characterised by significant changes in the Atlantic Merid-
ional Overturning Circulation (AMOC) in part related to dynamic changes in the upper
North Atlantic gyre circulation. This study constructs a high-resolution multi-proxy time
series (εNd, bottom water temperature and ∆14C) throughout the early to mid-Holocene
(9-6 ka BP) based on U/Th dated cold-water corals (Lophelia pertusa) from the upper
Celtic margin (272 m depth) to investigate dynamic changes in gyre circulation and water
ventilation.

Significant sub-millennial scale fluctuations in ∆14Csw (23 to -89 ‰) and εNd (-11.70 to
-14.70) of the NE Atlantic winter mixed layer, accompanied by mild shifts in temperature
(9.8 to 11.4) have been observed. These fluctuations most likely represent upwelling
episodes of poorly ventilated water driven by equatorward reversals in the slope current
and intensified gyre circulation under a persistent positive North Atlantic Oscillation. As
such, these results are in good agreement with early to mid-Holocene reconstructions of
subpolar gyre circulation and latitudinal shifts in the Atlantic storm tracks.

However, the mid-Holocene occurrence of an extremely ∆14Csw depleted water mass
with an unradiogenic εNd signature has no equivalent within the modern Atlantic Ocean.
While current constraints on ∆14C and εNd of water mass end-members cannot exclude
a deep South Atlantic origin of this poorly ventilated water, the unradiogenic εNd sig-
nature suggest a northern source is more plausible although seemingly at odds with the
well documented mid-Holocene AMOC intensification. In an attempt to reconcile these
views, we propose the hypothesis that the marked mid-Holocene increase in Nordic Sea
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convection depth flushed the remnants of an extremely ∆14C depleted abyssal Arctic
Ocean reservoir, thought to have accumulated here during the LGM, and propagated its
depleted signal throughout the mid-depth North Atlantic.

Author contributions: Sample collection, cleaning and preparation was performed by
Collart, T.; U/Th dating was performed by Pons‐Branchu, E.; Trace element analysis was
performed by Douville, E.; Neodymium purification and isotope analysis was performed
by Colin, C. and Collart, T.; Radiocarbon analysis was performed by Tisnérat-Laborde,
N.; Data interpretation and writing was performed by Collart, T. and revised by Colin,
C., Tisnérat-Laborde, N., Pons‐Branchu, E. and Van Rooij, D.

5.1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) which carries warm surface
and thermocline water to high latitudes where it cools, sinks and returns southward
as deep water, is an important driver of the European and global climate (Buckley &
Marshall 2016). Understanding the variability of the AMOC is of vital importance to
predict the response of the climate system to global warming (Srokosz & Bryden 2015).
To this end, the investigation of AMOC changes during the early to mid-Holocene (9
to 6 ka BP), a period of exceptionally warm conditions in the North Atlantic region
(Marcott et al. 2013, Ayache et al. 2018), may advance our understanding of the driving
mechanisms.

One of the leading hypotheses for explaining modern AMOC variability is that it is
driven by the (sub)surface advection of buoyancy anomalies, related to changes in the
relative contributions of warm, saline water from the sub-tropical gyre (STG) and the
Mediterranean sea (MSW) and fresher, cold water from the subpolar gyre (SPG), to the
Nordic and Labrador Sea convection sites (Fig. 5.1 A; Hátún et al. 2005, Lozier & Stewart
2008, Häkkinen & Rhines 2009, Häkkinen et al. 2011, 2013). These changes are thought
to be controlled by the strength and position of the SPG (Häkkinen & Rhines 2004, Berx
& Payne 2017), itself driven by atmospheric variability in wind stress curl and air-sea
buoyance forcing modulated by the North Atlantic Oscillation (Häkkinen & Rhines 2004,
Bozec et al. 2011, Häkkinen et al. 2011, 2013, Danabasoglu et al. 2012). (Sub)surface
temperature and salinity proxy reconstructions in the Nordic Sea inflow (Thornalley et
al. 2009, Giraudeau et al. 2010) and the Labrador Sea (Solignac et al. 2004) suggest that
a similar mechanism of dynamic changes in the relative SPG and STG contribution to
convection sites was active during the Holocene. The early to mid-Holocene in particular
was characterised by the development of a strong eastward extended SPG (Thornalley
et al. 2009), most likely as a response to a reduction in meltwater flux and the onset
of deep water formation in the Labrador Sea (Hillaire-Marcel et al. 2001, Solignac et al.
2004, Thornalley et al. 2009). These observations are corroborated by reconstructions
of the neodymium isotopic composition (expressed as εNd) of the thermocline seawater
preserved in the skeleton of cold-water corals (CWC; Colin et al. 2010, Copard et al.
2012). Water masses acquire their εNd signature by interaction with lithogenic particles
(from riverine, aeolian or continental margin sediments) in their source area (e.g. Lacan
& Jeandel 2005a, Rempfer et al. 2011). Away from these sources, εNd acts as a quasi-
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conservative water mass tracer affected only by mixing between water masses with a
different εNd signature (van de Flierdt et al. 2016, Tachikawa et al. 2017). This tracer is
particularly useful in the North Atlantic due to the large gradient between less radiogenic
northern (εNd ≈ -15 to -13 in the SPG) and more radiogenic southern (εNd ≈ -12 to -10
in the STG) water masses (Lambelet et al. 2016, Dubois-Dauphin et al. 2017a). The
aragonite skeletons of CWC like Lophelia pertusa, which predominantly occur at depth
of the permanent thermocline (500-1000 m; White & Dorschel 2010), have been shown to
record the εNd signature of the ambient seawater within analytical uncertainty, given that
appropriate cleaning has been performed (Copard et al. 2010, van de Flierdt et al. 2010).
Furthermore, CWC skeletons also allow to reconstruct past variations in bottom water
temperature (BWT ) based on the empirical relation between skeletal Li/Mg ratios and
ambient seawater temperature (Case et al. 2010, Montero-Serrano et al. 2013, Montagna
et al. 2014, Bonneau et al. 2018). Finally, given its high uranium content, CWC aragonite
can be accurately dated with the U/Th method (Lomitschka & Mangini 1999, Cheng et
al. 2000, Douville et al. 2010). Therefore, CWC are a unique archive which allows
to reconstruct rapid changes in the geochemistry of thermocline waters (Robinson et al.
2014) and hence are a prime resource to investigate variability in the North Atlantic Gyre
circulation and the upper limb of the AMOC.

The AMOC variability results in changing rates of deep water formation in the convection
sites and subsequent transport throughout the intermediate and deep (1000-3000 m)
Atlantic Ocean (Buckley & Marshall 2016). As such, several proxies for deep water
ventilation like δ13C (Oppo et al. 2003, Kleiven et al. 2008, Hoogakker et al. 2011) and
deep water flow rate like Pa/Th (McManus et al. 2004, Gherardi et al. 2009, Lippold et
al. 2016), sortable silt (Hoogakker et al. 2011, Kissel et al. 2013, Thornalley et al. 2013)
and magnetic susceptibility (Kleiven et al. 2008, Kissel et al. 2013) have been used to
reconstruct Holocene changes in the deep limb of the AMOC. While most proxy records
and modeling studies suggest a stronger than modern AMOC during the mid-Holocene,
there are important discrepancies between the different proxies (Thornalley et al. 2013,
Blaschek et al. 2015). Another tracer for deep water ventilation and circulation rate is the
radiocarbon content of Dissolved Inorganic Carbon (DIC) in seawater denoted as ∆14Csw

(Broecker & Peng 1982, Alves et al. 2018). Radiocarbon is continuously produced in
the atmosphere after which it enters the surface ocean by air-sea gas exchange. In the
convection sites, this radiocarbon from the surface gets transferred to the deep ocean
(a process termed ventilation) where it is isolated from the atmosphere and will start
to decay resulting in an apparent radiocarbon age of the water (the marine reservoir
effect; Alves et al. 2018). As such, the average deep water ∆14Csw is a function of the
ocean ventilation and circulation rate controlled by the AMOC although locally it may
also reflect variations in vertical mixing between depleted deep water and atmosphere
equilibrated (enriched) surface water (Alves et al. 2018). While a lot of work has focused
on the reconstruction of past ∆14Csw variation during the deglacial AMOC changes (e.g.
Skinner et al. 2010, Thornalley et al. 2011, 2015, Chen et al. 2015), the early to
mid-Holocene period remains poorly studied (Zhao et al. 2018), especially in the North
Atlantic (Schröder-Ritzrau et al. 2003, Frank et al. 2005, Skinner et al. 2014). Adkins
et al. (2002) shows that the ∆14C of modern CWC skeletons reflects that of the DIC
in ambient seawater which is corroborated by Burke & Robinson (2012) and Montero-
Serrano et al. (2013). Therefore, combined radiocarbon and U/Th dating of CWC
aragonite allows to reconstruct past changes in ocean ∆14C and hence in the AMOC
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(Frank et al. 2004, Robinson et al. 2005, Burke & Robinson 2012, Chen et al. 2015,
Douarin et al. 2016).

In this study, we construct combined εNd, BWT and ∆14Csw time series on U/Th dated
CWC from a mound on the upper Celtic margin (272 m water depth). Located within the
intergyre region, this area is sensitive to decadal changes in the SPG and STG dynamics
(Hátún et al. 2005, Herbaut & Houssais 2009, Häkkinen et al. 2011, Montero-Serrano et
al. 2013). The aim of this study is (1) to use our multi-proxy time series to infer dynamic
changes in the gyre and Slope Current circulation throughout the early to mid-Holocene
and (2) to investigate how the early to mid-Holocene changes in the AMOC influenced
the ∆14Csw of the North Atlantic winter mixed layer.

Figure 5.1 (preceding page): (A) Bathymetry map of the North Atlantic with location of
cold-water coral samples (filled symbols; this study; Schröder-Ritzrau et al. 2003, Frank
et al. 2005, Colin et al. 2010) and εNd seawater stations (open symbols; Rickli et al. 2009,
Copard et al. 2011, Dubois-Dauphin et al. 2017a). Grey dots represent locations of rele-
vant records: VM29-191 (Bond et al. 2001); Bu2/Bu4 and GP2 (Wassenburg et al. 2016).
The black box indicates the spatial extent of hydrographic stations (WOD13; Boyer et
al. 2013) used in B and C. Arrows represent a schematic diagram of the main circula-
tion of deep (dashed lines) and mid-depth and surface (full lines) water masses modified
from Schmitz & Mccartney (1993), Iorga & Lozier (1999a), Lherminier et al. (2010),
Sarafanov et al. (2012) and García-Ibáñez et al. (2015). Water masses and currents
are STG: Sub Tropical Gyre, WNACW: Western North Atlantic Central Water, NAC
North Atlantic Current, stENACW: subtropical Eastern North Atlantic Central Wa-
ter, spENACW: subpolar Eastern North Atlantic Central Water, SC: European Slope
Current, SPG: SubPolar Gyre, MNAW: Modified North Atlantic Water, IC: Irminger
Current, EGC: East Greenland Current, WGC: West Greenaldn Current, SAIW: Sub-
Arctic Intermediate Water, wLDW: western Lower Deep Water, eLDW: eastern Lower
Deep Water, eAAIW: eastern Antarctic Intermediate Water, MSW: Mediterranean
Sea Water, ISOW: Iceland-Scotland Overflow Water, DSOW: Denmark Strait Over-
flow Water, LSW: Labrador Sea Water and NADW: North Atlantic Deep Water. The
bathymetry map was created using the marmap R package (Pante & Simon-Bouhet 2013)
with bathymetry data from Amante & Eakins (2009). (B) θ − S plot of hydrographic
data collected between 1972 and 2014 within the northern Bay of Biscay (see black box
in A). The grey lines indicate equal potential density σθ. Water mass distribution is
approximated by performing θ − S mixing triangle calculations based on idealised single
point end-members defined as the lower end point of stENACW: [12.2,35.62] (Pollard et
al. 1996), lower end point of spENACW [8.56,35.23] (Pollard et al. 1996), MSW core near
Cape St-Vincent [12.01,36.5] (van Aken 2000a), LSW in the western Porcupine Abyssal
Plain [3.428,34.89] (van Aken 2000a), ISOW in the Icelandic Basin [2.227,34.975] (van
Aken 2000a) and LDW above the Madeire Abyssal Plain [1.984,34.889] (van Aken 2000a).
The θ −S plot was made using the oce R package (Dan & Clark 2017). (C) Depth profile
of water mass end-member proportions (color shaded regions indicate 95% confidence
envelopes, colors are the same as in A and B) and of seawater εNd (black symbols and
lines). Stations ANT XXIII are from Rickli et al. (2009), CAROLS are from Copard et
al. (2011) and ICE is from Dubois-Dauphin et al. (2017a).
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5.2 Material and regional oceanographic setting

5.2.1 Material

Fossil L. pertusa samples were extracted from two vibrocores (48010-201VE and 48010-
206VE) recovered from a single CWC mini-mound at 272 m depth in the Celtic margin
mini-mound province (Table 5.1; Fig. 5.1; Stewart et al. 2014) during the MINIMOUND
Belgica Campaign in June 2014. The cores contained L. pertusa coral fragments in a
biogenic sand matrix (Fig. 5.2). Forty-three coral fragments, well-preserved and free of
any visible black ferromanganese oxyhydroxide coatings (hereafter Fe-Mn coatings) were
selected (procedure detailed in section 3.5.1).

5.2.2 Setting

The CWC mini-mound province lies on the interfluves of the Explorer and Dangeard
Canyons (Stewart et al. 2014), tributaries to the Whittard Canyon system located along
the Celtic margin in the Bay of Biscay (Fig. 5.1 A). It is located between 250 and 410
m depth and hence is primarily influenced by the Eastern North Atlantic Central Water
(ENACW) which occupies the water column between 100 and 700 m depth (Pollard et
al. 1996). This water mass is formed along the European margin by subduction of the
seasonal thermocline waters (van Aken 2001) and is transported by the European Slope
Current (SC; Fig. 5.1 A; Pingree & Le Cann 1990, Xu et al. 2015a). Although the SC
is predominantly oriented poleward, it exhibits strong seasonal variability with reversal
to a poleward flow in September/October and to an equatorward flow in March/April
(SOMA variability; Pingree & Le Cann 1990, Pingree et al. 1999, Xu et al. 2015a).
Two end-members of ENACW can be differentiated: the warmer and saltier subtropical
ENACW (stENACW) and the cooler and fresher subpolar ENACW (spENACW; Fig.
5.1 B; Pollard et al. 1996). The upper stENACW is formed around the Azores after
which it flows northward in the slope current (Pollard et al. 1996, Fiuza et al. 1998, van
Aken 2001) and is characterised by an εNd signature of -11 when it reaches the southern
Bay of Biscay and Armorican margin (Fig. 5.1 C; Rickli et al. 2009, Copard et al. 2011).
The lower spENACW forms in the northern Bay of Biscay and Porcupine Seabight by
deep winter mixing and is transported southward by the equatorward slope current in
summer (Pollard et al. 1996, van Aken 2000b). In the Porcupine Seabight this water
mass has an εNd signature of -13.0±0.2 (Fig. 5.3 C; Dubois Dauphin et al., 2017) and
evolves by mixing with the over and underlying water masses to -11.24±0.3 along the
Armorican margin and -11.50±0.3 in the southern Bay of Biscay [Copard et al. (2011);
Fig. 5.1 C]. Below the ENACW, the Mediterranean Sea Water (MSW) is recognised by
a local salinity maximum between 800 and 1300 m water depth (Fig. 5.1 B & C; van
Aken 2000b). This water mass is formed by the overflow of saline Mediterranean Outflow
Water (MOW) and entrainment of ENACW in the Gulf of Cadiz (Ambar & Howe 1979a).
The MSW is advected northward along the European margin (Fig. 5.1 A) and its high
salinity signature can be tracked up to the Porcupine Seabight (Iorga & Lozier 1999a).
Near its outflow it has an εNd signature of -9.4±06 (Spivack & Wasserburg 1988, van
de Flierdt et al. 2016) but it mixes with surrounding unradiogenic εNd water masses
along the European margin to reach -11.2±0.3 in the Southern Bay of Biscay and the
Armorican margin (Fig. 5.1 C; Rickli et al. 2009, Copard et al. 2011) and -12.1±0.2 in
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Table 5.1: Core name, location and number of analysed coral samples.

Core name Core length
m

Region Longitude Latitude Water depth
m

No of samples

48010-201VE 2.14 Celtic Margin 9°35.72’W 48°18.11’N 272 17
48010-206VE 2.29 Celtic Margin 9°35.72’W 48°18.12’N 272 15

the Porcupine Seabight (Fig. 5.1 C; Dubois-Dauphin et al. 2017a). Below, the Labrador
Sea Water (LSW) is characterised by a salinity minimum around 1800 m depth (Fig. 5.1
B & C; van Aken 2000a). LSW is formed by deep convection due to intense winter heat
loss in the Labrador Sea (Bersch et al. 2007, Yashayaev 2007) after which it is exported
at intermediate depth (Fig. 5.1 A ; Talley & McCartney 1982, Paillet et al. 1998). It
has an εNd signature between -14.15±0.13 and -13.4±0.3 within the Labrador sea (van de
Flierdt et al. 2016, Dubois-Dauphin et al. 2017a) and retains this unradiogenic signature
within NE Atlantic reaching a value of -12.7±0.3 in the modern Bay of Biscay (Fig. 5.1
C; Lacan & Jeandel 2005b, Copard et al. 2011). The underlying ISOW is characterised
by a salinity maximum at 2600 m (Fig. 5.1 B & C; van Aken 2000a). It is formed by deep
overturning within the Nordic Seas and Arctic Ocean after which it overflows the Iceland-
Scotland Ridge, entraining overlying Atlantic waters and fresher LSW water (Hansen
& Østerhus 2000). At the overflow, ISOW is characterised by a radiogenic signature of
-8.2±1.8 (van de Flierdt et al. 2016), partly due to the radiogenic surface waters that are
the precursor of this water mass (-11 to -9) and partly by boundary exchange with the
young volcanic material in the area (εNd ≈ +7; Lacan & Jeandel 2004b). Its radiogenic
signature decreases significantly before reaching the Bay of Biscay [-11.4±0.3; Copard et
al. (2011); Fig. 5.1 C] primarily by mixing with unradiogenic LSW (Dubois-Dauphin et al.
2017a). The abyssal LDW is characterised by a salinity minimum below 3000 m depth and
is influenced by the Antarctic Bottom Water (AABW; Mccartney 1992, van Aken 2000a)
causing it to have a relatively radiogenic εNd signature of -10.3±0.2 (Dubois-Dauphin et
al. 2017a). Together LDW (37-42%), ISOW (18-15%), LSW (41-39%) and to a minor
extent MSW (4-5%) constitute the North Eastern Atlantic Deep Water (NEADW) within
the Bay of Biscay (van Aken 2000a) where it has a higher average εNd (-11.6±0.4; Fig.
5.1 C) than in the rest of the eastern North Atlantic (-12.1±0.2 to -13.1±0.2) due to the
relatively high contribution of radiogenic LDW (Dubois-Dauphin et al. 2017a).

5.3 Methods

5.3.1 Cleaning procedure and sample preparation

The samples were cleaned following the procedure described in Copard et al. (2010).
Using a diamond blade saw, the coral polyps were cut open along the growth axis and
leftover sediment between the coral septa was removed with pincers. All exposed surfaces
were then ground off with the diamond blade saw to produce a translucent aragonite
crystal. A binocular microscope was used to insure against the presence of small, deep
cavities which may contain trace amounts of sediment. Following the mechanical cleaning
procedure, the samples were ultrasonicated for 10 min in diluted, 0.5 M ultrapure HCl,
followed by several rinse cycles with Milli-Q water. After air drying overnight under
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laminar flow in a clean room, the samples were broken into approximately 1-2 mm pieces
with an agate mortar and pestel in order to obtain subsamples representative of the
average bulk composition of the entire coral sample. The leftover powder from crushing
was measured with X-ray Diffraction (XRD) on a zero diffraction single crystal Si-plate
at the Laboratoire GEOsciences Paris-Sud (GEOPS, Orsay) in order to quantify the
proportion of aragonite and calcite. Using a plastic spatula, subsamples were taken
for U/Th dating (150-300 mg), trace element analysis (20-30 mg), neodymium isotope
analysis (400-700 mg) and radiocarbon dating (7-17 mg).

5.3.2 U/Th dating

Uranium and thorium isotopes were analysed at the Laboratoire des Sciences du Climat
et de l’Environnement (LSCE) in Gif-sur-Yvette (France) following the procedure detailed
in Pons-Branchu et al. (2014) and modified from Douville et al. (2010). After adding a
triple 229Th −233 U −236 U spike in a Teflon beaker, clean subsamples were dissolved with
diluted HCl after which U and Th were coprecipitated with Fe(OH)3. Both elements
were then purified and separated from other earth alkalis (e.g. Ca), Mn and Rare Earth
Elements (REE) using a UTEVA resin (Eichrom Technologies; Horwitz et al. 1992)
separation column in 3 M HNO3 in order to avoid matrix effects and isobaric interference
during mass spectrometry (Douville et al. 2010). U and Th isotopes were determined
simultaneously using a ThermoScientific NeptunePlus Multi-Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS) fitted with a jet interface. Mass fractionation
of U and Th was corrected using an exponential law (Russell et al. 1978, Habfast 1998)
normalised to the 238U/235U isotope ratio of 137.88 (Cowan & Adler 1976) and standard-
sample bracketing with the Harwell Uraninite standard (HU-1, assumed to be in secular
equilibrium) mixed with the triple spike (Pons-Branchu et al. 2014). Furthermore, the
raw data were corrected for peak tailing, uranium hydride (U-H) interference and chemical
blanks. The ages (mean) and their uncertainty (2σ) were estimated from the isotopic data
by maximum-likelihood estimation (Ludwig & Titterington 1994) using the 230Th, 234U
and 238U decay constants of Cheng et al. (2013) and Jaffey et al. (1971).

5.3.3 Trace element analysis

Li/Ca, Mg/Ca, Mn/Ca and Nd/Ca ratios were determined on coral subsamples dis-
solved in 1 M ultrapure HNO3. Replicate measurements were performed on 50 µl of the
dissolved subsamples also used for Nd isotope analysis in order to evaluate the presence of
contaminant Nd carrier phases (Fe-Mn coatings, detrital grains) and hence effectiveness
of the cleaning procedure in removing these contaminants. Sample solutions as well as
calibration and external carbonate standards (BAM, Arag. AK, JLS, JCt-1 clam and
JCp-1 coral) were systematically diluted to a Ca concentration of 100 ppm without fur-
ther chemistry (Harding et al. 2006, Bourdin et al. 2011). This avoids increased salt
deposition on the sample injection cones and allows to control for matrix effects due to
the presence of Ca. To allow this matrix matching of samples and standards, the Ca
concentrations of the samples was determined by establishing a linear calibration of 43Ca
and 44Ca intensity versus Ca concentration (based on 5 mono-elementray Ca standards at
80,90,100,110 and 120 ppm) prior to trace metal analysis (Harding et al. 2006). The 7Li,
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24Mg, 43Ca, 44Ca, 55Mn, 143Nd and 146Nd isotopes were measured on a quadrupole ICP-
MS XseriesII (Thermo Fisher Scientific) at the LSCE following the method detailed in
Bourdin et al. (2011) and adapted for scleractinian corals (Montero-Serrano et al. 2013,
Montagna et al. 2014). Instrumental calibration was performed using multi-element
standards prepared from a 100 ppm Ca matrix solution (BAM carbonate standard) and
high-purity commercial multi-element standards of REE and other trace elements (pre-
pared from commercial mono or multi-element standards) added at various concentrations
(Harding et al. 2006). The raw intensities were blank corrected by substracting routine
measurements (after every 6 samples) of the 0.5 M ultrapure HNO3 (the same acid
used in sample dissolution; Rosenthal et al. 1999). Subseqeuntly, molar element/Ca
ratios of the samples were calculated from the blank corrected intensity ratios using
the multi-element standard calibration curves (Rosenthal et al. 1999). To compensate
for instrumental drift and mass discrimination, the JCp-1 standard (Okai et al. 2002,
Hathorne et al. 2013) was ran every 6 samples. The average and standard deviation
(n = 28) of the JCp-1 standard measurements throughout this study was 6.250±0.043
µmol/mol for Li/Ca, 4.202±0.018 mmol/mol for Mg/Ca, 1.487±0.007 mmol/mol for
Li/Mg (in good agreement with Hathorne et al. 2013), 1.51±0.42 µmol/mol for Mn/Ca
and 20.23±1.08 nmol/mol for Nd/Ca. The external reproducibility (calculated as 2*stan-
dard deviation/average x 100 %) of the Li/Mg ratio in the JCp-1 standard measurements
is hence estimated to be 0.9%. Even though the analytical uncertainty is small, the stan-
dard error (2SE) on the temperature estimate acquired from equation (3.13) has been
retained at 0.9°C (Montagna et al. 2014). The external reproducibility of the Mn/Ca
and Nd/Ca ratios in he JCp-1 standard measurements was up to 11% for Nd and 55%
for Mn and hence these values should be treated with caution.

5.3.4 Neodymium isotope analysis

Neodymium was separated from the carbonate matrix and purified in the clean labo-
ratory at GEOPS, following the analytical procedure detailed in Copard et al. (2010).
Subsamples were dissolved in 2.5 M ultrapure HNO3 and subsequently dried over 48 h
on a hotplate at 70 °C. When dry, the samples were re-dissolved in 2 ml of ultrapure 1
M HNO3 and passed through a pre-conditioned Eichrom TRansUranic-element specific
(TRU-Spec) resin separation column in order to elute unwanted cations (Pin & Zalduegui
1997). Afterwards the light rare-earth elements (LREEs) were eluted and passed through
a Eichrom Ln-Spec resin column to remove Sm, Ce and Pr from the purified Nd solution
(Pin & Zalduegui 1997) in order to avoid isobaric interferences during the mass spec-
trometry (Copard et al. 2010). The 143Nd/144Nd ratios of all purified Nd fractions were
analysed using the ThermoScientific NeptunePlus MC-ICP-MS hosted at LSCE. Mass
fractionation correction was done by normalizing 146Nd/144Nd to 0.7219. During each
analytical session, every set of two samples was bracketed by analyses of the La Jolla
Nd standard solution (at concentrations similar to those of the samples 3-10 ppb) with
a certified value of 0.511855±0.000007 (Lugmair et al. 1983). The offset between the
measured and certified values of La Jolla was below 0.4 ε units for all of the analyses
presented in this study. The analytical error (2σ) for each sample reported in Table 5.4
(between 0.3 and 0.6 ε units) was determined as the largest error value derived either from
the external reproducibility of the La Jolla standard for each session or from the internal
reproducibility. The analytical blank values for Nd were < 3 pg, which represents less
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than 0.1% of the minimum Nd yield from CWC skeletons used in this study and thus no
blank correction was applied.

5.3.5 Radiocarbon analysis

Powdered subsamples were transferred into a glass reactor, leached with 0.01 M HNO3
at and rinsed with Milli-Q water to remove superficial contaminants. The reactor was
connected to a semi-automated vacuum line, and the samples were converted to CO2 by
reacting with pure H3PO4 (Tisnérat-Laborde et al. 2001). The CO2 was then reduced
into graphite using hydrogen in the presence of iron powder at GEOPS laboratory (Arnold
et al., 1989). The graphite targets were analysed on ECHoMICADAS hosted at the LSCE.
The acquired radiocarbon measurements are reported as conventional 14C ages in years
BP (Stuiver & Polach 1977). The DIC radiocarbon content of the seawater in which the
coral grew, denoted as ∆14Csw, was reconstructed by correcting for radiocarbon decay
using the U/Th age (Adkins et al. 2002) according to:

∆14Csw (in ‰) =
(

e−λL
14C Age

e−λC U/T h Age
− 1

)
× 1000 (5.1)

where λL represents the Libby decay constant (Libby 1955) and λC represents the “true”
Cambridge decay constant (Godwin 1962). Given that the radiocarbon content of the
atmosphere has changed significantly with time (e.g. Reimer et al. 2013), it is useful to
present the offset between ∆14Csw and the radiocarbon content of the contemporaneous
atmosphere ∆14Catm denoted as ∆∆14Csw−atm (Burke & Robinson 2012, Chen et al.
2015):

∆∆14Csw−atm = ∆14Csw − ∆14Catm (5.2)

The contemporaneous ∆14Catm was derived from the IntCal13 calibration curve (Reimer
et al. 2013) using the U/Th age as a calendar age. In order to propagate the uncertainties
in the 14C age, the U/Th age and the IntCal13 calibration curve, probability distributions
of ∆14Csw and ∆∆14Csw−atm were calculated using a Monte Carlo simulation with 10000
replicates and assuming a Gaussian distribution of the analytical and calibration curve
uncertainties. The outcomes of these simulations were reported as median [2.5:97.5per-
centile] and drawn as 95% error ellipses in the time series plots. These same calculations
were also performed on literature data to which the record was compared.

5.3.6 Cross-correlation analysis

As multiple proxies (BWT , εNd, ∆∆14Csw−atm) were collected on single CWC specimens,
cross-correlation analysis of the resulting time series allows to test hypotheses about the
palaeoenvironmental processes that control them. As these processes are also expected to
change through time, a moving window cross correlation (MWCC; Sageman & Hollander
1999) was performed between the 3 different proxies using the astrochron R package
(Stephen 2014). In this method, a window of arbitrary size (time), moves over two time
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series and the Pearson correlation coefficient is calculated for the paired datapoints that
fall within each window (Sageman & Hollander 1999). This results in a new time series
ranging between -1 and 1 indicating variation in negative or positive correlation between
the proxies. A time window of 0.8 kyr was chosen in order to preserve as much temporal
resolution in the record while making sure the number of datapoints in each window
n ≥ 4. A student’s t-test is performed to evaluate if these correlations are significant at
the 90% confidence level taking into account the degrees of freedom (n-2) in each window
(Sageman & Hollander 1999).

5.3.7 Comparison with modern seawater data

In order to compare our coral record to the modern day Atlantic Ocean, an εNd-
∆∆14Csw−atm cross plot was constructed by combining seawater εNd observations
(compiled by van de Flierdt et al. 2016, Dubois-Dauphin et al. 2017a) with the natural
background ∆14Csw estimate in the nearest GLODAPv1.1 grid point (Key et al. 2004).
The ∆14Csw were considered equal to ∆∆14Csw−atm under the assumption of a natural
atmospheric ∆14Catm = 0 ‰. Modern water mass end-members with εNd and [Nd]
concentration as defined by van de Flierdt et al. (2016) and ∆∆14Csw−atm and natural
[CO2] concentration analogously derived from GLODAP v1.1 (Key et al. 2004), were
added to the plot to investigate potential changes in end-member contributions to
the Celtic margin in the early to mid-Holocene. Furthermore, in order to evaluate
potential changes in end-member properties, stable conservative mixing lines (Phillips &
Koch 2002) between modern LSW, ISOW and AABW end-members were constructed
to estimate the outer bounds of the modern mixing region. However, while εNd is a
stable quasi-conservative tracer (Lambelet et al. 2016, van de Flierdt et al. 2016),
∆∆14Csw−atm is not since it is affected by radioactive decay as it is advected and mixed
throughout the Ocean interior (Broecker et al. 1991). In order to account for these
processes, the radiocarbon concentration of the conservative mixing lines was decayed
with 400 years which is the maximum mean circulation age of deep water mixtures in
the deep North Atlantic (Gebbie & Huybers 2012, Khatiwala et al. 2012). Although
this is an overestimation, especially for a water mass mixture with a large component
of northern end-member, this approach succeeds as a first order estimation of the outer
bounds of the εNd-∆∆14Csw−atm mixing region and encompasses the large majority of
εNd-∆∆14Csw−atm observations. Several outliers of this region are most likely related to
non-conservative behaviour of εNd (boundary exchange; Lacan & Jeandel 2005a, van de
Flierdt et al. 2016).
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5.4 Results

5.4.1 Chronological framework

The results of U-series dating of the L. pertusa samples are displayed in Table 5.2. The
238U concentrations display a narrow range from 2.9 to 4.0 ppm, similar to those obtained
on well-cleaned modern deep-sea corals (2.0-5.5 ppm; Cheng et al. 2000, Frank et al. 2004,
van de Flierdt et al. 2010, Struve et al. 2017). The low 232Th concentrations (0.13- 1.27
ppb; Fig. 5.3 A) are within the range of well cleaned modern corals (0.01-2.20 ppb;
Cheng et al. 2000, Frank et al. 2004, van de Flierdt et al. 2010, Struve et al. 2017)
and well within the range reported for rigorously cleaned fossil corals (0.20-5.00 ppb;
Crocket et al. 2014). This indicates that the applied cleaning procedure was effective in
removing most contributions of 232Th rich Fe-Mn coatings (0.05-154 ppm; van de Flierdt
et al. 2010, Crocket et al. 2014), detrital material (2.8-8 ppm; Struve et al. 2017) and
organic residue (0.14-0.40 ppm; Cheng et al. 2000). The initial coral Th content, mainly
derived from seawater (Cheng et al. 2000, Robinson et al. 2004), does however affect the
U-Th ages. Therefore, an age correction was applied, using the averaged intermediate
North Atlantic seawater [230Th/232Th] activity ratio of 10 ± 4 (Moran et al. 1995, Vogler
et al. 1998) as the estimated initial [230Th/232Th] of the coral samples (Frank et al.
2004). The δ234Uinitial values (145.4-151.7 ‰), calculated with the corrected ages, all fall
within the 5 ‰ range criterion (Dutton & Lambeck 2012) of modern seawater (146.8 ±
0.1 ‰; Andersen et al., 2010) and thus closed system U-series behaviour, unaffected by
diagenesis, can be assumed (Robinson et al. 2006). The (104) calcite peak (Dickinson
& McGrath 2001) was absent in the XRD diffractogram of all samples which implies a
> 99.9% aragonite content and excludes the occurrence of diagenetic recrystallization to
calcite. Several replicate analyses (marked in bold face in Table 5.2) produced ages which
are within error and thus the replicated ages were averaged. Two of the replicated samples
(at 22-26 cm in core 48010-201VE and at 89-94 cm in core 48010-206VE) did however
produce large offsets between replicates (0.47 ka BP and 0.98 ka BP respectively). One
of the replicates from the sample at 89-94 cm in core 48010-206VE also produced the
highest observed 232Th concentration (1.27 ppb) suggesting initial Th contributions from
contaminants may have caused poor reproducibility in this sample. Both samples were
excluded from the dataset.

Coral growth on the mound was fairly continuous between 6 and 9 ka BP, but did not
occur uniformly across the mound, as shown by the differences between the ages derived
from the two adjacent cores (Fig. 5.2). In Core 48010-201VE (Fig. 5.2 A), the oldest
coral fragments appeared around 7.8 ka BP and the core top contains coral of 6 ka BP.
Even though the coral ages roughly follow stratigraphic order, many age reversals outside
of uncertainty occur suggesting the CWC fragments correspond to an accumulation of
coral rubble. In contrast, core 48010-206VE (Fig. 5.2 B) displays rapid vertical mound
growth between 8.9 and 8 ka BP following stratigraphic order (within age uncertainty).
Around 8 ka BP coral growth seems to stop at this location and the top 20 cm of the
core contains a coral rubble accumulation with dated samples ranging between 7 and 6.5
ka BP.
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Figure 5.2: Photograph, CT scan and Age-depth plot of core 48010-201VE (A) and
48010-206VE (B). The red line is a Local Polynomial Regression (LOESS) fit whose
slope approximates the vertical mound growth rate.
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Table 5.2: Results from U/Th isotope analysis presented as mean±2SE. Replicated
samples are in bold face. *U/Th ages were corrected using the averaged intermediate
North Atlantic seawater [230Th/232Th] activity ratio of 10±4 (Moran et al. 1995, Vogler
et al. 1998) as the estimated initial [230Th/232Th].

Core name & depth
cm

238U
ppm

232Th
ppb

δ234Um

‰ measured
[ 230T h

238U
]

activity
[ 230T h

232T h
]

activity
Age

ka BP
Corrected Age*

ka BP
δ234Uinitial

‰ corrected

48010-201VE
0-4 3.926±0.007 1.0457±0.0006 146.72±0.79 0.0632±0.0001 724.3±0.9 6.119±0.012 6.035±0.046 149.27±0.81

9-12 3.997±0.015 0.2794±0.0002 148.91±0.80 0.0636±0.0001 2778.2±4.0 6.143±0.014 6.122±0.022 151.53±0.81
13-16 3.639±0.029 0.2740±0.0022 146.69±2.01 0.0661±0.0002 2691.7±7.7 6.407±0.030 6.382±0.040 149.39±2.04
13-16 3.787±0.030 0.1913±0.0015 144.70±0.69 0.0665±0.0001 4028.4±8.5 6.465±0.018 6.449±0.024 147.39±0.71
17-19 3.428±0.011 0.2302±0.0002 145.40±1.04 0.0677±0.0001 3053.4±5.5 6.582±0.018 6.561±0.027 148.15±1.06
17-23 3.785±0.031 0.1497±0.0012 148.59±2.00 0.0661±0.0002 5092.8±19.0 6.401±0.036 6.388±0.042 151.32±2.03

22-26 3.879±0.017 0.5669±0.0006 145.46±1.14 0.0660±0.0001 1364.6±2.2 6.404±0.017 6.357±0.036 148.13±1.16
22-26 3.603±0.029 0.2922±0.0023 143.19±1.81 0.0703±0.0003 2645.3±5.7 6.857±0.040 6.830±0.050 146.01±1.85
26-31 3.764±0.011 0.2368±0.0002 146.02±0.74 0.0708±0.0001 3422.4±3.7 6.886±0.012 6.865±0.020 148.91±0.75
26-31 3.840±0.031 0.2919±0.0040 145.18±2.25 0.0718±0.0008 3178.3±37.3 6.992±0.100 6.968±0.109 148.10±2.29
32-36 3.572±0.005 0.2138±0.0005 145.42±0.53 0.0745±0.0002 3792.4±12.3 7.270±0.028 7.252±0.036 148.46±0.54
34-38 3.865±0.031 0.1273±0.0010 146.79±1.22 0.0705±0.0002 6521.2±15.4 6.852±0.024 6.840±0.028 149.68±1.24

39-41 3.559±0.006 0.1633±0.0001 144.92±0.70 0.0694±0.0001 4608.6±5.4 6.758±0.012 6.744±0.018 147.73±0.71
39-41 3.487±0.004 0.5712±0.0003 146.26±0.89 0.0700±0.0002 1303.6±3.1 6.808±0.022 6.757±0.043 149.10±0.91
43-46 3.588±0.009 0.3079±0.0002 145.55±0.98 0.0748±0.0001 2647.8±4.2 7.298±0.018 7.271±0.030 148.60±1.00
47-49 3.821±0.031 0.2981±0.0024 145.73±0.71 0.0761±0.0002 2972.5±7.9 7.426±0.026 7.400±0.035 148.84±0.72
49-53 3.526±0.012 0.2755±0.0003 147.16±1.08 0.0786±0.0001 3056.0±5.1 7.676±0.021 7.652±0.030 150.40±1.11
52-55 3.745±0.030 0.2661±0.0022 145.52±0.99 0.0776±0.0001 3339.9±5.2 7.584±0.019 7.561±0.028 148.70±1.02
56-65 3.474±0.014 0.2648±0.0003 145.65±1.10 0.0804±0.0001 3204.8±5.6 7.871±0.022 7.848±0.032 148.95±1.13

64-69 3.589±0.019 0.3188±0.0002 146.37±0.85 0.0782±0.0001 2677.1±4.1 7.636±0.018 7.609±0.029 149.58±0.87
64-69 3.678±0.006 0.9555±0.0006 145.18±1.26 0.0793±0.0001 932.9±1.4 7.761±0.021 7.680±0.053 148.40±1.28
67-70 4.014±0.032 0.2510±0.0020 144.34±0.73 0.0776±0.0002 3780.7±9.7 7.594±0.026 7.574±0.034 147.49±0.75

48010-206VE
4-9 3.682±0.016 0.4606±0.0007 147.26±0.77 0.0712±0.0002 1725.8±3.8 6.917±0.021 6.878±0.036 150.18±0.78

8-10 3.686±0.030 0.1645±0.0013 143.01±1.24 0.0670±0.0002 4562.1±16.0 6.520±0.031 6.505±0.036 145.69±1.26
12-15 3.249±0.017 0.5766±0.0006 145.09±0.96 0.0732±0.0002 1251.9±2.9 7.142±0.023 7.087±0.046 148.05±0.98

19-22 3.344±0.016 0.2791±0.0003 147.46±1.28 0.0705±0.0001 2567.6±4.5 6.849±0.020 6.822±0.030 150.35±1.30
19-22 3.137±0.011 1.2546±0.0019 144.12±1.77 0.0722±0.0003 548.4±2.6 7.046±0.046 6.920±0.096 146.99±1.81
19-22 3.230±0.026 0.3102±0.0026 143.39±1.05 0.0717±0.0003 2560.7±7.9 6.995±0.036 6.966±0.046 146.27±1.07
31-33 3.273±0.009 0.4731±0.0004 148.29±0.84 0.0824±0.0001 1731.4±3.1 8.054±0.022 8.009±0.040 151.71±0.86
37-39 3.294±0.008 0.6512±0.0006 145.26±1.09 0.0841±0.0002 1293.8±2.6 8.253±0.026 8.192±0.050 148.69±1.12
44-49 2.970±0.011 0.3348±0.0003 145.76±0.88 0.0849±0.0001 2290.5±3.1 8.328±0.018 8.293±0.032 149.24±0.90
54-58 2.877±0.023 0.2862±0.0023 143.39±1.25 0.0867±0.0002 2653.3±5.3 8.535±0.028 8.504±0.040 146.91±1.28
58-61 2.855±0.012 0.7509±0.0008 143.60±1.16 0.0870±0.0002 1002.6±2.1 8.563±0.028 8.480±0.061 147.11±1.19
64-68 2.920±0.021 0.3573±0.0004 144.02±1.37 0.0859±0.0002 2127.4±4.9 8.446±0.031 8.407±0.046 147.51±1.40
66-75 2.870±0.023 0.3662±0.0030 145.89±0.86 0.0881±0.0002 2105.1±5.5 8.656±0.030 8.615±0.046 149.51±0.89
78-82 3.046±0.010 0.6004±0.0003 145.16±0.79 0.0876±0.0001 1356.7±1.9 8.607±0.018 8.546±0.043 148.74±0.81
81-85 2.873±0.023 0.2932±0.0024 143.49±0.87 0.0869±0.0002 2591.7±4.6 8.556±0.022 8.524±0.036 147.02±0.90

89-94 2.863±0.001 1.2708±0.0007 145.39±0.68 0.0914±0.0002 628.6±1.4 9.005±0.026 8.867±0.082 149.11±0.70
89-94 3.103±0.025 0.5447±0.0050 142.13±1.14 0.0809±0.0008 1586.0±12.1 7.941±0.091 7.891±0.110 145.36±1.17

111-113 3.052±0.001 0.5529±0.0004 144.72±0.86 0.0913±0.0003 1533.1±4.6 8.994±0.036 8.938±0.058 148.45±0.89

5.4.2 Element geochemistry and neodymium isotopes

In order to compare the replicated trace element analyses, element wise two-sided paired t-
tests were performed (Table 5.3). These indicate no significant difference and hence good
reproducibility of Li/Mg ratios (p = 0.6). The reported molar ratios (Table 5.4) were thus
averaged over the replicates. The averaged Li/Mg ratios were used to derive the BWT
according to the exponential relation Li/Mg (mmol/mol) = 5.41 exp(-0.049*BWT ) ± 0.9
°C (2SE; Montagna et al. 2014). In contrast, a slightly significant difference of Nd/Ca
(p = 0.03) and Mn/Ca (p = 0.04) molar ratios exists between replicates. The Nd/Ca
discrepancy points out the large intraskeletal variability in Nd concentration previously
reported for cold-water corals (Copard et al. 2010, 2012, Struve et al. 2017). Since the
replicates on the Nd isotope subsamples were derived from a larger sample size (400-700
mg), they more accurately represent the entire coral and thus these Nd/Ca and Mn/Ca
values are reported where available (Table 5.4). Results from the replicated neodymium
isotope analysis (marked in bold face in Table 5.4) are within error and thus indicate
good reproducibility here.
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Table 5.3: Two-sided paired t-tests of replicated trace element analyses (n = 30).

Element Ratio t-statistic p-value
Li/Mg 0.54 0.60

Mn/Ca -2.21 0.04
Nd/Ca 2.27 0.03

The Nd/Ca (3.54-22.37 nmol/mol) and Mn/Ca (0.23-1.73 µmol/mol) molar ratios (Table
5.4; Fig. 5.3 A) fall within the range of modern, well cleaned cold-water corals: Nd/Ca
= 4.2-32.5 nmol/mol and Mn/Ca = 0.05-9.8 µmol/mol (Copard et al. 2010). This
indicates there was little contamination from Fe-Mn coatings and detrital material, which
have concentrations of these elements that are several orders of magnitude higher than
coral aragonite (Taylor & Mclennan 1995, Hein et al. 1999, Gutjahr et al. 2007, van
de Flierdt et al. 2010, Crocket et al. 2014, Struve et al. 2017). However, weak yet
significant correlation between Nd/Ca and 232Th and between Nd/Ca and Mn/Ca (Fig.
5.3 A) implies we cannot entirely exclude the presence of such contaminant phases. In any
case, mass balance calculations have shown that such minute contamination is unlikely to
significantly alter the neodymium isotopic composition (Crocket et al. 2014, Struve et al.
2017). Furthermore, the inconspicuous Fe-Mn coatings on the pre-cleaned corals indicate
a limited seafloor exposure and thus the coatings are likely to have similar εNd values as
the coral aragonite and the ambient seawater (van de Flierdt et al. 2010, Crocket et al.
2014). The latter is corroborated by lack of correlation between εNd and Nd/Ca (R2 =
0.001), Mn/Ca and 232Th (Fig. 5.3 B). Accordingly, the acquired εNd and BWT values
can reasonably be assumed to represent the ambient seawater conditions at time of coral
growth.
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Figure 5.3: Diagnostic scatterplots of (A) Nd/Ca vs. 232Th and Mn/Ca, (B) εNd vs.
232Th and Mn/Ca and (C) ∆14C vs. 232Th and δ234Uinitial. Linear regression lines (red)
with a 95% confidence interval (shaded area) are drawn. The p-values indicate if the
slope of the regression line is significantly different from 0, based on a t-test.
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The εNd of the Celtic margin corals ranges from -11.70±0.7 to -14.70±0.4 with an average
value of -12.93 (n = 23, σ = 0.62; Table 5.4). Although no long-term trend is apparent,
significant sub-millennial variability is recorded with shifts to radiogenic values at 8.5, 8,
7.6 and 6.8 ka BP and an excursion to unradiogenic values around 6.4 ka BP (Fig. 5.4
A). The recorded values predominantly fall within the range of modern spENACW εNd

values, reported at similar depth in the Porcupine Seabight [-13.00±0.2; Dubois-Dauphin
et al. (2017a); Fig. 5.1 C], the Armorican margin [-11.65±0.3; Rickli et al. (2009); Fig.
5.1 C] and the southern Bay of Biscay [-11.50±0.3; Copard et al. (2011); Fig. 5.1 C]
except for the excursion to more unradiogenic values approaching present-day SAIW (~
-15; Dubois-Dauphin et al. 2017a).

The BWT record ranges from 9.8±0.9 to 11.4±0.9 °C and has an average value of 10.7°C
(n = 29, σ = 0.4; Table 5.4). Even though it also exhibits sub-millenial varibility, it is
not significant with respect to the 0.9 °C uncertainty inherent to the Li/Mg proxy (Fig.
5.4 B; Montagna et al. 2014). The temperatures are in agreement with hydrographic
measuremnts in the area (Porter et al. 2016) and lie within the temperature range of the
modern spENACW [8.56 to 12.2 °C; Pollard et al. (1996); Fig. 5.1].

5.4.3 Radiocarbon results

The results of the radiocarbon analysis are reported in Table 5.5. The ∆14Csw calculation
is sensitive to the U/Th obtained calendar ages which may be influenced by open system
U series behaviour (Robinson et al. 2006) or initial Th (Cheng et al. 2000). We found
no correlation between ∆14Csw and δ234Uinitial and 232Th concentrations (Fig. 5.3 C)
suggesting that the obtained U/Th ages and ∆14Csw are unlikely to be affected by these
processes (see also section 5.4.1).

Between 9 and 7.2 ka BP, ∆14Csw oscillates between 23[13:33] and -22[-31:-12] ‰ with
an average of -1 ‰ (Fig. 5.4 C). These values fall just below the Marine13 global surface
ocean (Fig. 5.4 C; Reimer et al. 2013) and are consistent with the ∆14Csw of early

Figure 5.4 (preceding page): (A) εNd records collected on CWC from the Celtic margin
at 272 m water depth (this study) and in the Rockall Trough at 747 m water depth
(Colin et al. 2010). (B) Bottom water temperature (BWT ) record collected on CWC’s
from the Celtic margin. (C) ∆14Csw records collected on CWC from the Celtic margin
(this study) and from the Porcupine Seabight at 686 m water depth (Schröder-Ritzrau
et al. 2003) and at 610 m water depth (Frank et al. 2005). The ellipses represent the
2σ uncertainty in the ∆14Csw-calendar Age space. (D) Icelandic Glass record from core
VM29-191 in the Rockall Trough (Bond et al. 2001). (E) Speleothem rainfall records from
NW Morocco (δ18O in Grotte de Piste: GP2) and NW Germany (Mg/Ca in Bunker Cave:
Bu2 and Bu4) after Wassenburg et al. (2016). The negative correlation between these
records suggests they reflect latitudinal shifts in the westerlies and Atlantic storm tracks
modulated by the North Atlantic Oscillation (e.g. Hurrell 1995, Trouet et al. 2009, Donat
et al. 2010, Wassenburg et al. 2016). Vertical grey bars indicate episodes of persistent
positive NAO (Wassenburg et al. 2016) coeval to epsiodes of upwelling along the Celtic
margin as indicated by decreases in ∆14Csw and BWT and shifts in εNd. Locations of
the different records in this figure are in Fig. 5.1 A.



106 CHAPTER 5. UPWELLING AND DEEP WATER VENTILATION

Table 5.4: Results of trace element and Nd isotope analysis. The replicated sample is in
bold face. Bottom water temperature (BWT) and εNd are presented as mean±2SE.

Core name & depth
cm

Li/Mg
mmol/mol

BWT
°C

Mn/Ca
µmol/mol

Nd/Ca
nmol/mol

εNd

48010-201VE
0-4 3.250 10.4±0.9 0.62 20.37

9-12 3.205 10.7±0.9 0.35 10.00 -12.91 ± 0.28
13-16 3.128 11.2±0.9 0.27 7.59 -14.70 ± 0.40
17-19 3.110 11.3±0.9 0.27 7.90 -13.45 ± 0.37
17-23 3.183 10.8±0.9 0.30 7.92 -13.60 ± 0.40
26-31 3.280 10.2±0.9 0.35 7.56 -12.65 ± 0.36
32-36 3.220 10.6±0.9 0.36 5.16 -12.66 ± 0.46
34-38 3.205 10.7±0.9 0.37 3.54 -11.70 ± 0.70
39-41 3.200 10.7±0.9 0.43 7.46 -12.39 ± 0.33
43-46 3.340 9.8±0.9 0.42 11.95
47-49 3.098 11.4±0.9 0.24 8.35
49-53 3.320 10.0±0.9 0.42 7.65 -12.41 ± 0.43
52-55 3.273 10.3±0.9 0.39 3.65 -13.30 ± 0.50

56-65 3.230 10.5±0.9 0.52 6.12 -12.91 ± 0.31
56-65 3.230 10.5±0.9 0.51 6.56 -12.81 ± 0.41
64-69 3.275 10.2±0.9 0.70 13.00 -11.86 ± 0.28
67-70 3.129 11.2±0.9 0.28 5.06

48010-206VE
4-9 3.180 10.8±0.9 0.70 14.76 -13.27 ± 0.26

8-10 3.113 11.3±0.9 0.46 9.41
12-15 3.240 10.5±0.9 0.82 14.28 -13.30 ± 0.28
19-22 3.210 10.7±0.9 0.84 11.46 -13.27 ± 0.27
31-33 3.250 10.4±0.9 1.01 22.37 -12.52 ± 0.28
44-49 3.185 10.8±0.9 1.21 17.12 -12.94 ± 0.28
54-58 3.186 10.8±0.9 1.21 13.12 -12.40 ± 0.40
58-61 3.190 10.8±0.9 1.36 18.23 -12.71 ± 0.28
64-68 3.195 10.7±0.9 1.73 17.27 -13.09 ± 0.28
66-75 3.168 10.9±0.9 1.16 14.80 -13.10 ± 0.40
78-82 3.155 11.0±0.9 1.32 22.06 -13.16 ± 0.28
81-85 3.120 11.2±0.9 1.28 18.27 -13.20 ± 0.40

111-113 3.090 11.4±0.9 1.33 21.11

Holocene coral samples from the Porcupine Seabight at 610 m depth (15[-8:39] ‰; Frank
et al. 2005) and at 686 m depth (-16[-38:10] ‰; Schröder-Ritzrau et al. 2003). The
recorded values correspond to an atmospheric offset ∆∆14Csw−atm ranging between -47[-
57:-39] and -103[-114:-92] ‰. This range encompasses the modern natural ∆∆14Csw−atm

estimates for the upper 1000 m along the northern Bay of Biscay and Porcupine Seabight
(-43±11 to -71±3‰; Fig. 5.6; Key et al. 2004), but also extends to more depleted values.

After 7.2 ka BP, the ∆14Csw recorded by the Celtic margin corals becomes extremely
depleted ranging from -8[-17:2] down to -89[-96:-82] ‰ with an average of -46 ‰ (Fig.
5.4 C). The associated ∆∆14Csw−atm, ranging between -86[-96:-76] and -161[-170:-154] ‰,
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has no equivalent within the modern North-Atlantic (>20°N) where ∆14Csw only reaches
down to -125±9‰ at 5500 m depth (Key et al. 2004). Replicated U/Th ages of one of
the samples showing this extreme ∆14C depletion (Core 48010-206VE at 19-22 cm; Table
5.4) are within error, which suggests that the calculated ∆14Csw is not an artefact from
inaccuracies in the U/Th calendar age.

Table 5.5: Results of radiocarbon analysis. Ages are represented as mean±2SE. The
∆14Csw and ∆∆14Csw−atm were calculated using a Monte Carlo simulation with 10000
replicates and are reported as median[2.5:97.5percentile].

Core name & depth
cm

Corrected U/Th Age
ka BP

14C Age
14C ka BP

∆14Csw

‰
∆∆14Csw−atm

‰
48010-201VE

0-4 6.035±0.046 6.620±0.050 -89[-96:-82] -161[-170:-154]
9-12 6.122±0.022 6.340±0.080 -48[-58:-37] -129[-140:-117]

17-19 6.561±0.027 6.440±0.070 -8[-17:2] -86[-96:-76]
26-31 6.917±0.055 6.850±0.070 -17[-27:-6] -102[-114:-91]
32-36 7.252±0.036 6.870±0.080 23[13:33] -74[-87:-60]
39-41 6.750±0.023 6.820±0.080 -31[-40:-22] -112[-123:-102]
49-53 7.652±0.030 7.580±0.080 -18[-27:-8] -100[-110:-88]
56-65 7.848±0.032 7.630±0.080 -1[-11:9] -80[-92:-69]
64-69 7.644±0.030 7.600±0.080 -22[-31:-12] -103[-114:-92]

48010-206VE
4-9 6.878±0.036 7.230±0.080 -66[-75:-56] -151[-161:-141]

12-15 7.087±0.046 7.210±0.080 -40[-50:-30] -132[-142:-122]
19-22 6.903±0.037 7.270±0.080 -67[-77:-58] -153[-163:-143]
31-33 8.009±0.040 7.950±0.080 -21[-31:-10] -95[-107:-80]
44-49 8.293±0.032 8.120±0.080 -7[-17:3] -88[-99:-77]
58-61 8.480±0.061 8.070±0.050 21[12:31] -47[-57:-39]
78-82 8.546±0.043 8.150±0.060 19[10:29] -52[-63:-40]

5.4.4 Cross-correlation analysis

The correlation between εNd and BWT over the entire record (r = -0.53, p = 0.0095, n
= 23) indicates a significant negative relationship (radiogenic εNd associated with colder
temperatures) between these two proxies. The MWCC (Fig. 5.5 A) further illustrates
that this negative correlation is valid over most of the record although it seems to break
down over a brief period around 7.1 ka BP. In contrast, correlation between εNd vs.
∆∆14Csw−atm (r = 0.21, p = 0.45, n = 15) and BWT vs. ∆∆14Csw−atm (r = 0.23, p = 0.40,
n = 16) suggest no consistent relation over the entire record. However, MWCC reveals
that εNd and ∆∆14Csw−atm have a significant negative correlation (radiogenic εNd values
are associated with depleted ∆∆14Csw−atm) between 8.25 and 7.25 ka BP that changes
to a significantly positive correlation after 7.2 ka BP (Fig. 5.5 B) as ∆∆14Csw−atm values
become strongly depleted. BWT and ∆∆14Csw−atm have positively correlated values
(colder temperatures associated with depleted ∆∆14Csw−atm) over most of the record
except for a brief shift to a significant negative correlation at 7.2 ka BP. This indicates
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that the strong ∆14C depletion was associated with a mild warming, although not outside
of uncertainty (Fig. 5.5 C).
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Figure 5.5: Cross-correlation analysis between proxy time series: Column A: εNd vs.
BWT ; Column B: εNd vs ∆∆14C; Column C: BWT vs. ∆∆14C. The top two plots in
each column display the proxy time series that are compared. Error bars and ellipses
represent 2σ uncertainty. Transparent points indicate the samples which lack one of both
proxy measurements and hence are excluded from the analysis. The bottom plot in each
column indicates the moving window pearson correlation time series (blue for negative
and red for positive correlations). Black dots indicate the number of samples (n) in each
window. The grey shaded area indicates the 90% confidence envelope. Coloured vertical
bands indicate the range of windows where significant positive (red) or negative (blue)
correlation exists between the two proxies.

5.5 Discussion

In order to interpret the millennial-scale variability in the εNd, ∆14Csw and, to a lesser
extent, BWT along the Celtic margin, a multitude of potential processes are assessed.
These can be roughly subdivided in: (1) fluctuations in the regional ocean circulation
dynamics resulting in changes in the relative advection of different water masses to the
study area and (2) changes in tracer properties and ventilation of the water masses in their
source area or along their path to the study area. However, while εNd is a conservative
water mass tracer away from continental margins, the position of our record along the
Celtic margin makes it prone to the influence of boundary exchange processes (Lacan
& Jeandel 2001, 2004b, 2005a, Wilson et al. 2013, Tachikawa et al. 2017). Therefore,
the potential influence of variable lithogenic Nd inputs on the regional seawater εNd

along the Celtic margin is first evaluated. The coral ∆14C could potentially also have
been influenced by the remineralisation of 14C-dead particulate organic matter from the
sediments along the Celtic margin (e.g. Magana et al. 2010, Tesi et al. 2010) or the
oxidation of biogenic methane (e.g. Kennett et al. 2000, Torres et al. 2003). Given that
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large and rapid variations in ∆14C have been recorded, there is a need to assess these
potential processes.

5.5.1 Potential influence of boundary exchange processes on εNd
and ΔΔ14Csw-atm

Even though the Celtic margin was characterised by major sediment input from the
Channel palaeoriver and the British Irish Ice Sheet meltwaters during the deglaciation
(e.g. Auffret et al. 2002, Toucanne et al. 2010), it evolved to a sediment starved margin
by the end of Heinrich Stadial 1 (Mojtahid et al. 2017) as a result of its position at the
end of a broad shelf under the influence of a strong slope current (Fig. 5.1 A). In the
early Holocene, sedimentation on the Celtic margin was similar to the modern day, where
lithogenic sediment delivery is restricted to reworking of shelf sediments by storms surges
and spring tides (Reynaud et al. 1999, Cunningham et al. 2005, Bourillet et al. 2006).
Therefore it is reasonable to assume that the εNd of lithogenic sediment delivered to the
study area did not change significantly throughout the Holocene, especially since the
different sediment sources along the Bay of Biscay margin have highly similar εNd values
(average of -11.6; Jeandel et al. 2007). Furthermore, Dubois-Dauphin et al. (2017a) found
no evidence of boundary exchange on the εNd signature of the modern-day water masses
along the European margins. Hence it is unlikely that the observed variation in εNd,
recorded by CWC, resulted from regional boundary exchange with lithogenic sediments
along the Celtic margin. Furthermore, the variable influence of aeolian dust from North
Africa (εNd ≈ -11±0.4 to -14.4 ±0.1; Grousset et al. 1988, 1998, Skonieczny et al. 2011)
can reasonably be excluded as it has been shown to have a negligible contribution to the
εNd signature of intermediate water masses (Stumpf et al. 2010, Dubois-Dauphin et al.
2016).

However, a recent study by Roberts & Piotrowski (2015) on a core depth transect (1000-
4000 m) on the Rockall bank, has suggested significant radiogenic relabeling of seawater
εNd throughout the water column during Heinrich Event 1 and 2 by particulate exchange
with highly reactive volcanic IRD (εNd = +4.3±0.1; Roberts & Piotrowski 2015). Al-
though Holocene IRD concentrations are an order of magnitude lower, they exhibit sig-
nificant millennial scale variations (Bond et al. 1997, 2001) and this process could have
influenced the εNd signature of water masses reaching the Celtic margin. In order to test
this hypothesis, we compare our records with a high resolution Icelandic glass record (Fig.
5.4 D) collected in the Rockall Trough (core VM29-191; Bond et al. 1997, 2001). Sev-
eral short lived excursions to more radiogenic εNd and colder BWT do seem to coincide
with peak volcanic glass deposition in the Rockall Trough (Fig. 5.4). These radiogenic
excursions could thus potentially be attributed to radiogenic labeling of water masses by
volcanic IRD. The associated colder temperature (negative correlation; Fig. 5.5 A) could
then be attributed to subsurface cooling as a result of an increased surface input of cold
and fresh melt water from ice rafting. However, this hypothesis is at odds with a coral
εNd record, located close to the VM29-191 site (Fig. 5.1 A) which indicates excursions
to less radiogenic waters in the Rockall Trough at times of maximum IRD deposition
(Fig. 5.4 A; Colin et al. 2010). Furthermore, stratification of the upper water column
during episodic ice rafting are thought to cause a ∆14Csw depletion of the subsurface
water masses by restricting mixing with the atmosphere equilibrated ∆14Csw enriched
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surface waters (Sarnthein et al. 2007, 2016, Butzin et al. 2012, Balmer & Sarnthein
2018). As such, this process cannot explain the ∆14Csw recorded along the Celtic margin
where ∆14Csw does not seem to have a consistent relation to IRD deposits and reaches a
maximum depletion coeval with an IRD minimum (Fig. 5.4 C & D).

The large terrigenous flux from the Channel River caused burial of organic carbon and low
oxygen conditions in the deglacial sediments along the Celtic margin (Auffret et al. 2002,
Mojtahid et al. 2017). Reworking of these sediments during the early to mid-Holocene
and subsequent oxidation of their organic matter content (e.g. Hwang et al. 2005, Magana
et al. 2010, Tesi et al. 2010) could form a potential local source for old, ∆14C depleted
DIC. Alternatively, 14C depleted DIC can also originate from biogenic methanogenesis
within the sediment and subsequent oxidation at the seafloor (e.g. Kennett et al. 2000,
Torres et al. 2003, Pierre et al. 2017). While both mechanisms may indeed decrease the
∆14CDIC of pore water in the upper sediment layer (Kennett et al. 2000, Torres et al.
2003, Magana et al. 2010), they are unlikely to affect the ∆14C of the coral skeletons
which calcify well above the sediment interface and have been shown to derive their
carbon signatures (∆14C and δ13C) primarily from the ambient seawater DIC and only
to a minor extent from the respiration of organic carbon (Adkins et al. 2002, Blamart
et al. 2005, Sherwood et al. 2008). Furthermore, CWC have also been shown to not
rely on a seepage based food chain (Duineveld et al. 2004, Becker et al. 2009). Given
that diagenetically recrystallised calcite is absent in the coral samples, the influence of
low ∆14CDIC pore water after burial may also be ruled out. Therefore, it is reasonable to
exclude the influence of old organic carbon on the ∆14C recorded in the coral skeletons.

5.5.2 Variability of regional ocean dynamics

Assuming that the εNd signatures of the North-Atlantic water masses in the early to
mid-Holocene were similar to the modern day (Fig. 5.1), most of the variability in the
εNd record along the Celtic margin (Fig. 5.4 A) could be attributed to changes in the
relative contribution of southern sourced stENACW (εNd ≈ -11 ; Fig. 5.1 C; Rickli et al.
2009, Copard et al. 2011) and northern sourced spENACW (εNd ≈ -13 ; ICE-CTD-02 in
Fig. 5.1 C; Dubois-Dauphin et al. 2017a). However, the significant negative correlation
between εNd and BWT (Fig. 5.5 A) suggests that the more radiogenic water mass is
associated with colder temperatures. This is unlikely if the radiogenic εNd excursions
resulted from an increased lateral advection of warmer stENACW. Furthermore, this
interpretation also fails to explain the signficantly depleted ∆∆14Csw−atm compared to
the modern stENACW and spENACW (Fig. 5.6).

A more suitable interpretation that could explain the negative εNd-BWT correlation
(Fig. 5.5 A) is that the relatively cold, radiogenic excursions are episodes of increased
upwelling and admixture of the deeper and hence slightly colder MSW. This interpretation
is corroborated by the significant negative correlation of εNd and ∆∆14Csw−atm between 9
and 7.2 ka BP (Fig. 5.5 B). The latter suggests that the more radiogenic water is indeed
a less ventilated, deeper water mass although its ∆∆14Csw−atm is more depleted than that
of modern MSW (Fig. 5.6). After 7.2 ka BP, the waters along the Celtic margin become
even more depleted in ∆14Csw (Fig. 5.4 C) suggesting strong upwelling and admixture of
deep, poorly ventillated water at the coral site. During this period however, the poorly
ventilated water seems to have an unradiogenic εNd signature (Fig. 5.6) as indicated
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by the transition to a significantly positive εNd-∆∆14Csw−atm correlation (Fig. 5.5 B).
One potential explanation is that this reflects either an intensification of upwelling or
a reduced northward influence of MSW and hence a reduced mid-depth stratification.
This would have allowed a deeper water mass with an unradiogenic εNd signature, akin
to modern LSW (εNd ≈ -14.15±0.13 to -13.4±0.3; Fig. 5.6; van de Flierdt et al. 2016,
Dubois-Dauphin et al. 2017a), to influence the study site. The presence of such a deep
water mass is not unambiguously reflected in the temperature record as indicated by a
transient reversal towards a negative BWT -∆∆14Csw−atm correlation during the episode
of extremely depleted water at 6.9 ka BP (Fig. 5.5 C). Furthermore, a water mass with
such a depleted ∆∆14Csw−atm and unradiogenic εNd signature has no equivalent in the
modern Atlantic. This is illustrated by the fact that our coral derived data lie outside of
the modern εNd-∆∆14Csw−atm mixing zone (Fig. 5.6). Therefore, an additional process
altering the properties of one or more of the Atlantic water mass end-members is required
to explain our observations, which is discussed further in section 5.5.3.

5.5.2.1 Drivers of Celtic margin upwelling variability

In the modern day, upwelling along the Celtic continental margin results from vertical
mixing by internal tides (Dickson et al. 1980, Pingree et al. 1986, New & Pingree 1990,
Huthnance et al. 2001, Vlasenko et al. 2016) and from the disruption of geostrophic
flow in the narrow submarine canyons (Allen & Durrieu de Madron 2009, Allen & Hickey
2010, Porter et al. 2016). As such, the upwelling regime is tied to the seasonal changes
in the strength and direction of the SC and develops during episodes of equatorward flow
(between March/April and September/October; Pingree & Le Cann 1990, Pingree et al.
1999, Charria et al. 2013, Xu et al. 2015a) when an unbalanced upward pressure-gradient
force arises in the canyons on the upper slope (Porter et al. 2016). The SC is driven by a
combination of oceanic density gradients, bottom relief (JEBAR; Huthnance 1984) and
wind stress (Pingree & Le Cann 1989, 1990, Le Boyer et al. 2013, Prieto et al. 2013)
and has shown substantial inter-annual variability over the last few decades (e.g. Charria
et al. 2013, Xu et al. 2015a). The inter-annual variation in the SC direction is coupled
to changes in the wind stress forcing determined by the position and strength of the
Westerlies captured, in part, by the NAO index (Garcia-Soto et al. 2002, deCastro et al.
2011, Garcia-Soto & Pingree 2012, Xu et al. 2015a). A persistent low winter NAO index
has been linked to a strong poleward SC (Garcia-Soto et al. 2002, Garcia-Soto & Pingree
2012, Xu et al. 2015a) and downwelling of ventilated surface waters in the northern
Bay of Biscay canyons (Montero-Serrano et al. 2013). In contrast, weak poleward flow
with more persistent equatorward reversals and upwelling episodes (Porter et al. 2016),
is favoured by enhanced and more northerly positioned Westerlies during years with a
positive winter NAO index (deCastro et al. 2011, Xu et al. 2015a). These observations
are corroborated by idealised modeling studies which indicate that a positive NAO forcing
results in the development of an anticyclonic flow anomaly in the intergyre region of the
North Atlantic (Eden & Willebrand 2001, Marshall et al. 2001, Herbaut & Houssais
2009). Furthermore, observational records indicate that the northward penetration of
subtropical waters in the eastern boundary currents (the SC and MSW contour current)
is controlled by the relative shape and strength of the SPG (Hátún et al. 2005, Lozier &
Stewart 2008, Häkkinen & Rhines 2009, Bozec et al. 2011, Häkkinen et al. 2011) which
has varied significantly over the past decades (as captured by the gyre index; Häkkinen
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& Rhines 2004, Berx & Payne 2017). Although the mechanisms forcing the gyre strength
and shape are still a matter of debate, shifts in NAO intensity play a major role, either by
direct wind stress curl forcing or by air-sea buoyancy forcing (Curry & McCartney 2001,
Häkkinen & Rhines 2004, Bersch et al. 2007, Herbaut & Houssais 2009, Lohmann et al.
2009, Häkkinen et al. 2011, 2013, Robson et al. 2012). The amplification of wind stress
curl associated with a positive NAO (anticyclonic/cyclonic in the subtropical/subpolar
region) intensifies the SPG and STG circulation resulting in an eastward extension of the
SPG and subpolar density front (Flatau et al. 2003, Häkkinen & Rhines 2009, Häkkinen et
al. 2011). This narrows the eastern boundary region, effectively blocking the northward
advance of the SC and MSW into the Rockall Trough (Hátún et al. 2005, Lozier &
Stewart 2008, Häkkinen et al. 2011). The reduction in the meridional density gradient
driving the SC as well as a concomitant intensification in the STG circulation likely cause
equatorward reversals in the SC (Xu et al. 2015a) and upwelling along the Celtic margin
to be more prevalent.

5.5.2.2 Early to mid-Holocene SPG and NAO variability

Throughout the Holocene, several records have suggested analogous though longer (mil-
lennial) time-scale changes in both the SC (e.g. Solignac et al. 2008, Garcia et al. 2013,
Mojtahid et al. 2013, Mary et al. 2017) as well as the SPG (e.g. Thornalley et al. 2009,
Colin et al. 2010, Copard et al. 2012, Sorrel et al. 2012, Staines-Urías et al. 2013,
Repschläger et al. 2017). These changes may have also been coupled to the variable
position and strength of the Westerlies and hence the NAO (Trouet et al. 2009, Fletcher
et al. 2012, Olsen et al. 2012, Pinto & Raible 2012, Morley et al. 2014, Wassenburg et al.
2016). However, comparison of the CWC record with nearby sedimentary records is not
straightforward. The discovery of large shifts in the ∆14Csw (Fig. 5.4 C) and thus in the
radiocarbon reservoir age offset ∆R (65±92 to 848±94 14C years) at our coral site (272 m
water depth) introduces uncertainty in the foraminiferal radiocarbon age models of these
records. This prevents a robust temporal correlation at the resolution of the variability
in our record (< 0.5 ka). Therefore, the hypothesis of changing upwelling conditions
under variable SPG and SC regimes, coupled to atmospheric forcing, is further evaluated
by comparison with regional records unaffected by potential variability in radiocarbon
reservoir effects.

A coral εNd record in the Rockall through (Fig. 5.1) indicates an increasing influence of
unradiogenic water, characteristic for SPMW (-15.1± 0.3 to -13.8 ± 0.2; Dubois-Dauphin
et al. 2017a) from 9 to 7.6 ka BP (Fig. 5.4 A; Colin et al. 2010). This is interpreted as an
eastward expansion of the SPG under influence of enhanced Westerlies during the early to
mid-Holocene (Colin et al. 2010). The latter is corroborated by a record south of Iceland
suggesting a simultaneous decrease in the contribution of warm and saline STG water to
the Nordic sea inflow (Thornalley et al. 2009). The decreasing trend in the Rockall εNd

record between 9 and 7.6 ka BP coincides with an increase in εNd and decrease in BWT
and ∆14Csw on the Celtic margin (Fig. 5.4 A, B & C). This supports our hypothesis
that an expanded SPG coincided with a reduced northward SC and a higher prevalence
of upwelling along this margin. An extreme SPG extension with SPMW influencing the
Celtic margin could potentially explain the very unradiogenic εNd value (-14.7 ± 0.4) at
6.47 ka BP (Fig. 5.4 A). However, this seems not to be reflected in the BWT record and
hence the latter interpretation should be treated with caution.
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In order to further test the hypothesis that the upwelling variability along the Celtic mar-
gin was coupled to variations in the NAO, a comparison with past NAO reconstructions
is required. However, NAO proxy records extending back to the early to mid-Holocene
are scarce and are generally relatively low in resolution and high in uncertainty (Rimbu
et al. 2004, Drysdale et al. 2006, Fletcher et al. 2012, Mojtahid et al. 2013). In a recent
study, Wassenburg et al. (2016) compared accurately dated, high resolution speleothem-
based rainfall records from NW Morocco (Grotte de Piste GP2; Fig. 5.1 A; Wassenburg
et al. 2012) and W Germany (Bunker Cave Bu2/Bu4 ; Fig. 5.1 A; Fohlmeister et al.
2012), two regions sensitive to NAO forcing (i.e. in the NAO-precipitation correlation
belt; Hurrell 1995, Jones et al. 1997, Wassenburg et al. 2016). It shows that between 9
and 6 ka BP, a significant negative correlation developed between these rainfall records
(Fig. 5.4 E; Wassenburg et al. 2016). This suggests that the early to mid-Holocene NAO
pattern was similar to the present day where changes in NAO index cause latitudinal
shifts in the storm tracks resulting in a negative correlation of winter rainfall between
NW Morocco and W Germany (e.g. Hurrell 1995, Trouet et al. 2009, Donat et al.
2010). These records agree well with other proxy based NAO reconstructions for the late
Holocene (Proctor et al. 2002, Drysdale et al. 2006, Trouet et al. 2009, Olsen et al. 2012,
Wassenburg et al. 2013), increasing confidence that they also recorded NAO variability
in the early to mid-Holocene (Wassenburg et al. 2016). This period is characterised by
several episodes of increased wetness in W Germany and concurrent drought in Morocco
which can be associated with a positive NAO (grey vertical bars in Fig. 5.4 E) where
the Westerlies are stronger and in a more northerly position (Wassenburg et al. 2016).
There is an exceptional agreement between these episodes of persistent positive NAO and
indications of increased upwelling (decreases in ∆14Csw and shifts in εNd) along the Celtic
margin (Fig. 5.4). This further corroborates the interpretation that the CWC analysed
in this study, recorded early to mid-Holocene variations in upwelling intensity which are
driven by changes in the regional ocean dynamics (i.e. the SC direction) under NAO-like
atmospheric forcing.

5.5.3 Water mass end-member changes

The water mass characterised by strongly depleted ∆14Csw and unradiogenic εNd,
recorded in the Celtic margin CWC between 7.2 and 6 ka BP, has no equivalent in
the modern Atlantic Ocean (Fig. 5.6). In the present day, radiogenic southern sourced
AAIW and AABW (εNd ≈ -8.0±0.3 and εNd ≈ -9.1±0.3 respectively; van de Flierdt et
al. 2016) do reach similar depleted ∆∆14Csw−atm values but the unradiogenic northern
sourced LSW and NADW (εNd ≈ -13.2±1.0 to -12.4±0.4; van de Flierdt et al. 2016,
Dubois-Dauphin et al. 2017a) are generally well ventilated by deep-water formation
and rapid transport in an active AMOC (Fig. 5.6; e.g. Broecker & Peng 1982, Key
et al. 2004, Matsumoto 2007, Khatiwala et al. 2012). As the mid-Holocene AMOC is
suggested to be even more vigorous than in the present (e.g. McManus et al. 2004,
Kissel et al. 2013, Thornalley et al. 2013, Blaschek et al. 2015, Lippold et al. 2016,
Ayache et al. 2018), a decreased ∆∆14Csw−atm is unlikely to be the result of in-situ
decay in a slowed down circulation. Therefore, the observations along the Celtic margin
can only be explained by other processes that altered either the εNd or the ∆∆14Csw−atm

or both properties of one or more of the Atlantic water mass end-members.
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5.5.3.1 Deglacial analogues of Δ14Csw depletion

Analogous observations of rapid ∆14Csw depletion of intermediate depth (1.2-2.5 km)
waters have been reported in the Western North-Atlantic (40° N; Adkins et al. 1998,
Robinson et al. 2005, Eltgroth et al. 2006, Thiagarajan et al. 2014, Wilson et al. 2014)
and the Eastern North-Atlantic (60° N; Schröder-Ritzrau et al. 2003, Thornalley et
al. 2011, Ezat et al. 2017) during Heinrich Stadial 1 (HS1), Intra-Allerød Cold Period
(IACP), and Younger Dryas (YD). The origin of the poorly ventilated water during these
deglacial events remains a matter of discussion. The original interpretation suggests an
increased northward penetration of poorly ventilated southern sourced waters (i.e. AAIW)
under a reduced AMOC and shallower NADW caused by increased fresh water input in

Figure 5.6 (preceding page): ∆∆14Csw−atm vs. εNd cross-plot of modern εNd seawater
stations within the Bay of Biscay and Porcupine Seabight (colored shapes; Fig. 5.1 A;
Rickli et al. 2009, Copard et al. 2011, Dubois-Dauphin et al. 2017a) and throughout the
Atlantic (colored dots; compiled by: van de Flierdt et al. 2016, Dubois-Dauphin et al.
2017a) and of early to mid-Holocene cold-water corals on the Celtic margin (blue filled
circles; this study). The ∆∆14Csw−atm of the seawater stations was derived from the
natural ∆14Csw estimate and associated uncertainty in the closest GLODAP v1.1 grid
point (Key et al. 2004) assuming a modern natural atmospheric ∆14Catm = 0 ‰. Dark-
lightblue shading of the CWC samples indicates the calendar age (ka BP) of the sample
and the color of the seawater stations indicates the water depth (Note the logaritmic
color scale). The errorbars represent the 2σ uncertainty. Solid ovals indicate the modern
Atlantic water mass end-members. The end-member εNd values and [Nd] concentrations
of ISOW, DSOW, LSW, NADW, AABW, AAIW and MOW are as defined by van de
Flierdt et al. (2016) and the spENACW and stENACW are based on Rickli et al. (2009),
Copard et al. (2011) and Dubois-Dauphin et al. (2017a). The ∆∆14Csw−atm and natural
[CO2] concentrations of the end-members are derived from GLODAP v1.1 (Key et al.
2004) as described above. Solid lines are stable conservative mixing-lines (Phillips &
Koch 2002) between the LSW, ISOW and AABW end-members which estimate the outer
bounds of the modern mixing region in the Atlantic Ocean. In order to account for
radiocarbon decay during advection, the lower mixing lines have been decayed by 400
years (Gebbie & Huybers 2012, Khatiwala et al. 2012). The dashed ovals represent
potential end-member changes in the early to mid-Holocene. The AAIW end-member
change in εNd are based on Howe et al. (2016b) (Fig. 5.8) and in ∆∆14Csw−atm are
based on records from Sortor & Lund (2011), Burke & Robinson (2012) and Lund et al.
(2015) (Fig. 5.7). The AABW end-member changes in ∆∆14Csw−atm are based on the
record from Skinner et al. (2010) (Fig. 5.7). The potential εNd shift in the LSW end-
member is based on Roberts et al. (2010) (Fig. 5.8). The hypothetical ∆14C depleted
NADW is based on the properties of a water mass recognised in CWC’s from the New
England Seamounts at the end of Heinrich Stadial 1 (HS1; Wilson et al. 2014). The
dotted line denotes a lower bound on the early to mid-Holocene mixing line considering
the end-member shifts in AABW and LSW under the assumption of modern-like [Nd]
and [CO2] concentrations and Atlantic circulation times (i.e. decaying the ∆∆14Csw−atm

of the lower bound mixing line by 400 years). The dashed line is a hypothetical mixing
line with an extremely ∆14C depleted ISOW end-member similar to last deglaciation
ISOW (Thornalley et al. 2011, 2015).
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the North Atlantic during these deglacial episodes (Adkins et al. 1998, Robinson et
al. 2005, Thornalley et al. 2011). This was tentatively supported by Atlantic εNd,
Cd/Ca and δ13C records (e.g. Rickaby & Elderfield 2005, Pahnke et al. 2008). However,
more recent studies have suggested a northern origin of the ∆14Csw depleted mid-depth
water based on εNd data (Wilson et al. 2014) and the observation that deglacial southern
sourced water was insufficiently depleted (Cléroux et al. 2011, Sortor & Lund 2011, Burke
& Robinson 2012, Chen et al. 2015) to explain the observed extremely depleted ∆14Csw

in the North-East Atlantic (Thornalley et al. 2011, 2015). Although, the latter may
also be partly attributed to vital or taphonomic effects (Ezat et al. 2017). Furthermore,
additional and revised Atlantic εNd (Xie et al. 2012, 2014, Huang et al. 2014, Howe et al.
2016b) and Cd/Ca records (Came et al. 2008) contradict the earlier records. They instead
suggest no changes or even a decreased northward advance of AAIW during HS1 and the
YD, perhaps as a response to the weakened AMOC (Huang et al. 2014). Thornalley et
al. (2015) recorded extremely poorly ventilated waters in the deep Nordic Sea during HS1
and the YD (∆∆14Csw−atm of -730 ‰ and -840 ‰ respectively) and suggested that this
water mass originated from the abyssal Arctic Ocean and entered the Nordic sea through
the Fram Strait. The pre-aged water mass likely was isolated throughout most of the Last
Glacial Maximum (LGM; Thornalley et al. 2015) as a result of the closing of the Bering
Strait, the presence of a large ice sheet over much of the Arctic Ocean (Polyak et al.
2009, Spielhagen 2012), and the loss of shelf seas which limited brine formation (Bauch
et al. 2001) and vertical mixing by winds and tides (Rippeth et al. 2015). The overflow
or entrainment of this aged water into the North Atlantic ( i.e. the deglacial ISOW) is a
more plausible explanation for the extreme mid-depth ∆14Csw depletion recorded in the
North East Atlantic during the deglaciation (Thornalley et al. 2011, 2015, Ezat et al.
2017). Furthermore, the deep Nordic Sea was also up to 3° C warmer during the LGM
compared to modern times (Cronin et al. 2012, Thornalley et al. 2015), likely as a result
of geothermal warming (Carmack et al. 2012) and a lack of deep circulation. This suggest
that the isolated and extremely ∆14Csw depleted abyssal Arctic Ocean reservoir was also
relatively warm and thus is a likely source for the ∆14Csw depleted mid depth waters with
a northern sourced, unradiogenic εNd (Wilson et al. 2014) and relatively warm signature
(Thiagarajan et al. 2014) observed during HS1 in the western North Atlantic (Thornalley
et al. 2015).

In contrast to the deglaciation, the early to mid-Holocene is underrepresented in the exist-
ing intermediate North Atlantic ∆14Csw records (Fig. 5.7; Zhao et al. 2018). Even though
Schröder-Ritzrau et al. (2003) reported a single observation of ∆14Csw depleted interme-
diate depth water in the early Holocene North Atlantic (Fig. 5.4 C), this study reports for
the first time the persistence of rapid ∆14Csw depletion events into the mid-Holocene. Al-
though the intermediate/deep Atlantic circulation is different from the deglacial, marked
by a rapid intensification to a stronger than modern AMOC and a deepening of the
NADW (Gherardi et al. 2009, Thornalley et al. 2013, Blaschek et al. 2015, Lippold et al.
2016), the same sources of ∆14Csw depleted water (South Atlantic vs. the Arctic Ocean)
may be evaluated to explain the rapid depletion events along the Celtic margin.
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Figure 5.7: Compilation of Atlantic ∆∆14Csw−atm records in the early to mid-Holocene.
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space and lines connect measurements from a single record. Note the logaritmic color
depth scale.

−80

−40

0

40

80

−90 −60 −30 0 30
 

−16

−15

−14

−13

−12

−11

−10

−9

−8

5 6 7 8 9 10
Calender Age [ka BP]

ε N
d

250 500 1000 2000 4000

Water Depth [m] Reference

Colin et al. (2010)

Elmore11G3

Howe et al. (2016)

Huang14EPSL

Lang16NGEO

López Corre12QSR

Piotrowski12EPSL

Roberts10Sci

Roberts15EPSL

Skinner13Geol

This Study

van de Flierdt10GCA

Wei16EPSL

Figure 5.8: Compilation of Atlantic εNd records from uncleaned/cleaned foraminifera,
cold-water corals and fish debris in the early to mid-Holocene based on the compilation
by Tachikawa et al. (2017) and extended with Howe et al. (2016b). The errorbars
represent the 2σ uncertainty in εNd and lines connect measurements from a single record.
Note the logaritmic color depth scale.
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5.5.3.2 A potential southern source of Δ14Csw depleted water

Early to mid-Holocene (9 to 6 ka BP) ∆∆14Csw−atm records from the deep and interme-
diate south Atlantic suggest a variable but strongly depleted AABW (-220[-243:-199] to
-177[-198:-158]; Skinner et al. 2010) and AAIW (-88[-142;-27] to -222[-270:-177]; Sortor
& Lund 2011, Burke & Robinson 2012, Lund et al. 2015) which encompass the values
observed on Celtic margin (Fig. 5.6; Fig. 5.7). A potential pathway for this depleted
water to reach the Celtic margin is through the mid-depth Atlantic Ocean, analogous to
the modern AAIW (Broecker & Takahashi 1981). Several records from the South At-
lantic (Howe et al. 2016b, Voigt et al. 2016) and equatorial North Atlantic (Came et al.
2008, Xie et al. 2014) suggest an increased influence of AAIW during the mid-Holocene,
either as a response to a stronger AMOC (Voigt et al. 2016) or as a result of increased
upwelling and AAIW production by a southward shift in the Southern Hemisphere West-
erlies (Wainer et al. 2012, Howe et al. 2016b). An increased northward influence of
this strongly ∆14Csw depleted AAIW past its present-day extent at 32° N (Fig. 5.1 A;
van Aken 2000b) and increased admixture of AAIW into MSW (only ~8% in the present;
Carracedo et al. 2016) may thus explain why the moderately ∆14Csw depleted, radio-
genic εNd water that upwelled on the Celtic margin prior to 7.2 ka BP is more depleted
than the modern MSW (Fig. 5.6). However, it is unlikely that southern sourced water
is the only ∆14Csw depleted source to contribute to the strongly depleted, unradiogenic
εNd waters which occurred after 7.2 ka BP. Firstly, this water mass would have to be
a mixture with a significant contribution of ∆14Csw depleted southern end-member and
only a minor contribution of, presumably well-ventilated, northern end-members. How-
ever, for this mixture to obtain the observed unradiogenic εNd values, the mid-Holocene
εNd signature of the end-members, AAIW/AABW and/or LSW, would have to be signif-
icantly lower than in the present day (Fig. 5.6; van de Flierdt et al. 2016). There are no
indications that the early to mid-Holocene εNd value of AAIW was significantly different
(Huang et al. 2014, Xie et al. 2014) with the exception of a potential minor shift to a
slightly more radiogenic value (εNd = -7.8±0.12; Fig. 5.8; Howe et al. 2016b). While
several deep South Atlantic εNd records suggest AABW was less radiogenic (-9.14±0.43
to -10.67±0.65), this is thought to be related to a less radiogenic NADW signature or
an increased NADW influence (Fig. 5.8; Piotrowski et al. 2012, Skinner et al. 2013,
Lippold et al. 2016). Although there are no direct constraints, the εNd of early Holocene
North Atlantic end-members may indeed have been up to 2 ε units less radiogenic as
suggested by a western North Atlantic record reaching a εNd signature of -16.20±0.32 at
NADW depth around 8.5 ka BP (Fig. 5.8; Roberts et al. 2010). This probably resulted
from an increased delivery of unradiogenic detrital sediments (from the Canadian shield
region; Jeandel et al. 2007) to the Labrador Sea following the retreat of the Laurentide
ice sheet (Howe et al. 2016c). Taking these end-member shifts into account and assuming
modern-like [Nd] and [CO2] concentrations and Atlantic circulation times (i.e. decaying
the ∆∆14Csw−atm of the lower bound mixing line by 400 years), the resulting hypotheti-
cal early Holocene εNd-∆∆14Csw−atm mixing region (dotted line in Fig. 5.6) contains the
most depleted waters recorded on the Celtic margin (Fig. 5.6. However, given the coeval
BWT of 10-11°C and the relatively shallow location of our coral record, it is unlikely
that such deep water with properties at the lower edge of the mixing diagram (i.e. an
early Holocene LDW) could be upwelled without any contribution of well-ventilated win-
ter mixed layer waters (ENACW). Furthermore, low resolution early to mid-Holocene
∆∆14Csw−atm records from the intermediate depth equatorial Atlantic (-73[-84:-65] to
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-62[-73:-53]; Fig. 5.7; Chen et al. 2015) and deep Iberian margin (-122 [-175:-80]; Fig.
5.7; Skinner et al. 2014) suggest the depleted signatures of both AAIW and AABW were
already significantly diluted before reaching the Celtic margin and hence could not have
been the source for the observed depletion on the Celtic margin.

5.5.3.3 A potential northern source of Δ14Csw depleted water

A ∆14Csw depleted northern end-member with an unradiogenic εNd signature and a rela-
tively short advective path to dilute its properties would be a better explanation for the
strongly depleted water mass observed on the Celtic margin. Given there are no indica-
tions for a significant early to mid-Holocene ∆14C depletion of the atmosphere (IntCal13;
Fig. 5.4 C; Reimer et al. 2013) nor for the high latitude North Atlantic surface waters
(Stern & Lisiecki 2013, Butzin et al. 2017) and considering that several records indicate
a mid-Holocene AMOC intensification (e.g. McManus et al. 2004, Lippold et al. 2016,
Ayache et al. 2018) with the onset of deep convection in both the Nordic (Thornalley et
al. 2013, Blaschek et al. 2015) and Labrador Sea (Hillaire-Marcel et al. 2001, Hoogakker
et al. 2014, Blaschek et al. 2015), the only plausible explanation for a ∆14C depleted
northern end-member would be the flushing of an aged deep ocean reservoir. There are
however no deep North Atlantic ∆14Csw records during the mid-Holocene to confirm the
existence of such a reservoir (Fig. 5.7; Zhao et al. 2018). As the Labrador Sea is not
a closed off basin, it is unlikely that an aged deep water mass could have accumulated
here before the onset deep convection and LSW formation (Hillaire-Marcel et al. 2001,
Hoogakker et al. 2014). This leaves the deep Arctic Ocean as a potential source of 14C
depleted water. An extremely radiocarbon depleted abyssal water mass is thought to
have accumulated here during the LGM after which it was exported to the Nordic Sea
(Thornalley et al. 2015) and into the North Atlantic as depleted ISOW/DSOW during
HS1, IACP and the YD (Thornalley et al. 2011, Ezat et al. 2017). Strikingly, the
properties of a water mass recognised at upper NADW depth in the NW Atlantic at
the end of HS1 (Wilson et al. 2014), which has been attributed to the export of this
extremely depleted deep Arctic Ocean water into the North Atlantic (Thornalley et al.
2015), are similar to those recorded at the Celtic margin during the mid-Holocene (Fig.
5.6). Indeed, the assumption that the mid-Holocene ISOW was as depleted as it was
during the end of HS1 (-400[-422:-372] to -562[-587:-530]; Thornalley et al. 2011, with
the lower bound derived from a sample without Pyrgo sp., a species potentially affected
by taphonomic or vital effects; Ezat et al. 2017) could explain the most depleted values
on the Celtic margin as the upwelling of a depleted NADW equivalent (black dashed
mixing line with ISOW end-member at -400‰ in Fig. 5.6). Furthermore, as the isolated
deep Arctic Ocean reservoir was relatively warm due to geothermal heat accumulation
(Thornalley et al. 2015), its export to the Celtic margin may in part account for the
transient reversal to a negative ∆∆14Csw−atm-BWT correlation (Fig. 5.5 C), although a
significant contribution of warm upper thermocline water is still required to explain the
absolute BWT value of 10-11°C.

This hypothesis implies that a significant part of the glacially isolated deep Arctic Ocean
reservoir persisted into the mid-Holocene. While the ∆14Csw records from the Nordic Sea
(Thornalley et al. 2015) and the Iceland-Scotland overflow region (Thornalley et al. 2011,
Ezat et al. 2017) all suggest well ventilated waters during the early Holocene, they do not
cover ages < 8.5 ka BP and hence do not contradict the possibility that a remnant of the
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extremely ∆14Csw depleted deep Arctic ocean reservoir was again exported in the mid-
Holocene. As the deep arctic water reservoir ∆14Csw values seem decoupled from their
δ13C values (relatively high values of ~0.8 to 1.4‰; Thornalley et al. 2015), Holocene
benthic δ13C records do not allow to unambiguously test this hypothesis. The aged water
may have remained isolated in the deep Arctic Ocean throughout the early Holocene given
it was denser than the products of deep water formation. The early-Holocene convection
depth may have been sufficiently reduced due to a significant meltwater flux (Blaschek
et al. 2015) or due to the limited formation of brine shelf water after the YD (Meland
et al. 2008). In contrast, the AMOC intensification in the mid-Holocene resulted in the
production of deep water with an increased density (Blaschek et al. 2015) as indicated
by a marked strengthening and deepening (from 1.4 km to 2.2 km depth) of the ISOW
between 8 and 6 ka BP (Thornalley et al. 2013). This enhanced overturning strength
may have been able to flush the remnant deep Arctic Ocean reservoir after which its
∆14C depleted signal would have been propagated via the Fram Strait into the Nordic
Seas and via the Denmark and Iceland-Scotland overflows into the North Atlantic. Here,
the depleted water likely spread to the Celtic Margin along interior pathways similar
to the modern ISOW (Fig. 5.1) and influenced the upwelled water in the study area.
While there is no evidence that unambiguously contradicts this hypothesis, there is a
clear need for additional intermediate and deep ∆14Csw records from the mid-Holocene
North Atlantic. This will allow to constrain the properties of the northern sourced deep
water end-members and to further evaluate this hypothesis.
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5.6 Conclusion

A high resolution early to mid-Holocene cold-water coral record, collected on the upper
Celtic margin (272 m water depth), indicates significant sub-millennial scale fluctuations
in ∆14Csw and εNd of the NE Atlantic winter mixed layer waters, accompanied by mild
shifts in temperature. These fluctuations most likely represent episodes of increased
upwelling of poorly ventilated water driven by dynamic changes in the slope current
direction (Porter et al. 2016) under persistent positive NAO-like atmospheric forcing (Xu
et al. 2015a). As such, these results are in good agreement with early to mid-Holocene
proxy reconstructions of SPG circulation (Colin et al. 2010) and latitudinal shifts in
the Atlantic storm track (Wassenburg et al. 2016), both thought to be driven by the
NAO (Hurrell 1995, Häkkinen & Rhines 2004). However, the mid-Holocene occurrence
of an extremely ∆14Csw depleted water mass with an unradiogenic εNd signature has
no equivalent within the modern Atlantic Ocean and potential diagenetic effects can
reasonably be excluded as the source of these observations. While early to mid-Holocene
southern sourced intermediate (AAIW) and deep water (AABW) was sufficiently ∆14Csw

depleted to explain these results (Sortor & Lund 2011, Burke & Robinson 2012, Lund et
al. 2015), it is unlikely that this depleted signature could be transmitted to the upper
Celtic margin given that the observed unradiogenic εNd signature indicates mixing with a
significant fraction of a presumably well-ventilated northern end-member (i.e. LSW and
NADW). Therefore, the Celtic margin observations appear to require a northern source
of poorly ventilated water, seemingly at odds with the well documented mid-Holocene
intensification of the AMOC (e.g. Blaschek et al. 2015, Lippold et al. 2016, Ayache et al.
2018). In an attempt to reconcile these views, we propose the hypothesis that the marked
mid-Holocene increase in Nordic Sea convection depth (Blaschek et al. 2015) flushed the
remnants of an extremely ∆14Csw depleted abyssal Arctic Ocean reservoir, thought to
have accumulated here during the LGM (Thornalley et al. 2015), and propagated its
depleted signal throughout the mid-depth North Atlantic. While the lack of coeval mid-
depth North Atlantic ∆14Csw records does not allow to further support or refute this
hypothesis, there is a clear need to further constrain the ventilation of north Atlantic
end-members during the early to mid-Holocene in order to improve our understanding
of AMOC variability. As demonstrated in this work, cold-water corals lend themselves
exceptionally well to this purpose suggesting that the early to mid-Holocene coral mounds
of the mid-depth North Atlantic (e.g. Colin et al. 2010, Bonneau et al. 2018) hold great
potential to elucidate the mid-Holocene ventilation changes.

Whatever the source, the discovery of relatively shallow water with significant radiocarbon
depletion (and hence high radiocarbon reservoir ages) has important implications for
Holocene palaeoceanographic records derived from continental margins whose age models
are often based on radiocarbon dating of planktonic foraminifera dwelling in top 300 m.
Since the influence of these high reservoir age waters on the surface ocean is likely to
be variable through space and time as they are controlled by wind-driven upwelling
and vertical mixing processes, they may introduce uncertainties in many of the records
which can be on the order of magnitude of Holocene climate periodicities (~1500 yr;
Bond et al. 2001, Sorrel et al. 2012). These effects may in part be at the root of
the observed discrepancies between different Holocene palaeoceanographic records in the
North Atlantic (Marcott et al. 2013, Blaschek et al. 2015, Eynaud et al. 2018).
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Chapter 6

Environmental drivers and
anthropogenic challenges of the Bay
of Biscay cold-water coral mounds

6.1 Introduction

Cold-water corals (CWC) and other filter feeding organisms are relatively abundant along
the Bay of Biscay margins (Roberts et al. 2006, Reveillaud et al. 2008, Freiwald et al.
2017, Van den Beld et al. 2017). Reef-forming scleractinian CWC like Lophelia pertusa
and Madrepora oculata (Freiwald 2003) have been reported in deep settings ( > 500 m
water depth) within the submarine canyons along the continental slope (Le Danois 1948,
Reveillaud et al. 2008, De Mol et al. 2011, Huvenne et al. 2011, Morris et al. 2013, Davies
et al. 2014, Khripounoff et al. 2014, Sánchez et al. 2014, Van den Beld et al. 2017) as well
as in shallow settings (500-200 m water depth) on the interfluves and near canyon heads
along the shelf-break and upper slope (Fig. 6.1 A; Le Danois 1948, Reveillaud et al. 2008,
De Mol et al. 2011, Sánchez et al. 2014, Stewart et al. 2014, Freiwald et al. 2017, Collart
et al. 2018). While the deeper sites in the canyons have been shown to host live CWC
reefs (De Mol et al. 2011, Huvenne et al. 2011, Sánchez et al. 2014, Van den Beld et al.
2017), only fossil coral rubble (with the exception of one live specimen of Dendrophyllia
cornigera) has been found on the upper slope and shelf-break regions (Reveillaud et al.
2008, De Mol et al. 2011, Sánchez et al. 2014, Stewart et al. 2014, Van den Beld et
al. 2017, Collart et al. 2018). This discrepancy gave rise to the hypothesis that trawl
fishing on the upper slopes and shelf-break region (Sanchez et al. 2013, Sharples et al.
2013, Martín et al. 2014a, Oberle et al. 2016, Vespe et al. 2016) may limit contemporary
CWC reef habitats to the submarine canyons whose complex topography provides shelter
from these activities (Huvenne et al. 2011, Fernandez-Arcaya et al. 2017). However,
the limited number of radiometrically dated coral rubble samples (L. pertusa) from the
upper slope of the Armorican margin are too old (1.4 ka BP, 7.3-9.1 ka BP and 11-14
ka BP; Schröder-Ritzrau et al. 2005, De Mol et al. 2011) to have been affected by such
anthropogenic activities, suggesting natural causes for their demise instead (Reveillaud
et al. 2008, De Mol et al. 2011). While the knowledge of the spatial distribution of
framework building CWC habitats in the Bay of Biscay has been growing (Davies et
al. 2008, Reveillaud et al. 2008, Davies & Guinotte 2011, Van den Beld et al. 2017),
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information on their temporal distribution remains extremely limited, prohibiting further
evaluation of the hypothesis. Nonetheless, understanding of the processes involved in the
proliferation and demise of the shallow (200-500 m) CWC reefs of the Bay of Biscay is of
vital importance for conservation efforts of these vulnerable marine ecosystems (Davies
et al. 2007, 2017). In this work, 46 additional ages of fossil L. pertusa samples collected
on the shelf-break and upper slope regions of the Bay of Biscay margins were determined
using the U-Th method. These new data allow a more comprehensive investigation of
their occurrence through time and an evaluation of the processes that may have been
involved in their proliferation and demise.

6.2 Material and Methods

In order to investigate the timing of L. pertusa occurrence on the shelf-break and upper
slope of the Bay of Biscay, we have compiled a dataset of coral U/Th ages. The majority
of dated samples (30) is derived from 2 cores (48010-201VE & 48010-206VE) throughout
a single mound in the Dangeard and Explorer Canyon mini-mound province on the Celtic
margin (Fig. 6.1 B) and the ages are presented in Chapter 5. Five previously published
ages from coral samples collected from 2 boxcores (B08-1301-BC & B08-1305-BC) and
an ROV dive (B08-03) on the CWC mini-mound province near the Guilvinec Canyon
along the Armorican margin (Fig. 6.1 C; De Mol et al. 2011) were included. Finally, we
included 3 ages derived from different polyps on a large grab sample collected during an
ROV dive (B09-11) on the upper slope of the NW Iberian margin (Fig. 6.1 C) that were
presented in Chapter 4.

This dataset was expanded by U/Th dating of 13 additional L. pertusa samples. Seven
of these samples were collected from the core top of 4 vibrocores (Table 6.1) distributed
throughout the Dangeard and Explorer Canyon mini-mound province on the Celtic mar-
gin (Fig. 6.1 B). These cores were acquired during the MINIMOUND Belgica Campaign
in June 2014. Six samples were collected from 3 boxcores (Table 6.1) in the Guilvinec
Canyon mini-mound province on the Armorican margin (Fig. 6.1). The boxcores were
collected during the BiSCOSYSTEMS Belgica Campaign in June/July 2008. The se-
lected samples were well-preserved free of any visible black ferromanganese oxyhydroxide
coatings (hereafter Fe-Mn coatings). The samples were carefully cleaned in order to avoid
contamination from possible Fe-Mn coatings, detrital sediments and remnants of organic

Figure 6.1 (preceding page): (A) Bathymetry map of the Bay of Biscay continental mar-
gins with reported occurences of framework building cold-water corals (CWC) Lophelia
pertusa and Madrepora oculata after Freiwald et al. (2017). The contour lines are drawn
at intervals of 1000 m water depth. The inset shows the location of the Bay of Biscay
on the globe. The black boxes indicate the location of the areas (depicted in B, C, D)
where dated L. pertusa samples were collected. (B) Detailed bathymetry map of the
Explorer and Dangeard Canyons along the Celtic Margin with locations of the sampled
vibrocores. (C) Detailed bathymetry map of the Guilvinec Canyon along the Armorican
Margin with locations of sampled boxcores and ROV dive grab samples. (D) Detailed
bathymetry map of the Ferrol Canyon along the NW Iberian Margin with location of the
sample collected during an ROV dive.
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Table 6.1: Core name, location and number of suppplementary L. pertusa samples
grouped by region.

Region & Core name Longitude Latitude Water depth
m

No of samples

Celtic Margin
48010-204VE 9°37.35’W 48°17.80’N 317 4
48010-208VE 9°39.09’W 48°17.80’N 378 1
48010-215VE 9°41.31’W 48°24.10’N 325 1
48010-219VE 9°41.94’W 48°24.44’N 360 1

Armorican Margin
B08-1301-BC 5°15.49’W 46°54.51’N 285 1
B08-1302-BC 5°15.60’W 46°54.50’N 290 1
B08-1305-BC 5°15.58’W 46°54.50’N 288 4

tissue, following the procedures described in Copard et al. (2010) and further detailed in
section 3.5.1. Powdered subsamples were passed through an X-ray diffractometer (XRD)
at GEOPS (Geoscience Paris-Sud, Orsay, France) to insure against diagenetic recrystal-
lization of the coral aragonite (see section 3.5.2). Uranium and thorium isotopes were
analysed at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE) in Gif-
sur-Yvette (France). After adding a triple 229Th −233 U −236 U spike in a Teflon beaker,
the clean samples (ca. 200 mg) were dissolved with diluted HCl. U and Th were copre-
cipitated with Fe(OH)3, and then separated using UTEVA resin (Eichrom Technologies;
Horwitz et al. 1992) in 3 M HNO3. Uranium and thorium isotopes were determined
simultaneously using a ThermoScientific NeptunePlus multicollector-ICP-MS fitted with
a jet interface. After the isotopic data were corrected for mass fractionation, peak tailing,
hydrate interference and chemical blanks, ages were calculated by iterative age estima-
tion. The procedure (chemical separation and analysis) was adopted from Pons-Branchu
et al. (2014) and detailed in section 5.3.2.

From the coral ages in the compiled dataset, a Gaussian kernel density estimation (KDE;
Vermeesch 2012) was calculated in order to visualise the age distribution. This operation
performs a convolution of a set of Gaussian kernels centered on each data point and with
an arbitrary bandwidth in order to estimate the probability density distribution of the
data (Vermeesch 2012). For this application, a bandwidth equal to the 90th percentile
of the analytical uncertainty across the samples was used. Although this underestimates
the uncertainty in the 5 ages acquired by De Mol et al. (2011), it allows to preserve the
temporal resolution of the density distribution from the majority of the samples.
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Table 6.2: Results from U/Th isotope analysis presented as mean±2SE. *U/Th ages
were corrected using the averaged intermediate North Atlantic seawater [230Th/232Th]
activity ratio of 10±4 (Moran et al. 1995, Vogler et al. 1998) as the estimated initial
[230Th/232Th].

Core name & depth
cm

238U
ppm

232Th
ppb

δ234Um

‰ measured
[ 230T h

238U
]

activity
[ 230T h

232T h
]

activity
Age

ka BP
Corrected Age*

ka BP
δ234Uinitial

‰ corrected

B08-1301-BC
07-11 2.976±0.024 0.1245±0.0010 145.04±1.15 0.0741±0.0001 5386.2±10.1 7.229±0.022 7.214±0.027 148.06±1.18

B08-1302-BC
00-00 3.007±0.024 0.3038±0.0025 145.84±1.13 0.0013±0.0000 39.2±1.5 0.058±0.005 0.026±0.018 145.88±1.13

B08-1305-BC
00-00 3.601±0.029 0.2999±0.0025 143.91±0.57 0.0924±0.0002 3643.5±9.2 9.114±0.028 9.088±0.038 147.69±0.59
00-00 4.000±0.032 0.1865±0.0016 144.58±0.69 0.0863±0.0003 6086.3±21.0 8.484±0.036 8.470±0.042 148.11±0.71
00-00 3.271±0.026 0.3237±0.0027 142.17±1.12 0.0969±0.0007 3215.8±23.3 9.598±0.083 9.568±0.094 146.10±1.15
00-00 3.150±0.025 0.4271±0.0035 143.52±0.71 0.0919±0.0011 2230.8±26.6 9.066±0.120 9.026±0.135 147.26±0.73

48010-204VE
01-02 3.403±0.029 0.1297±0.0014 146.90±0.96 0.0039±0.0001 337.3±6.5 0.302±0.008 0.291±0.012 147.05±0.97
02-05 3.231±0.027 0.0992±0.0013 145.45±1.30 0.0041±0.0002 442.8±17.2 0.324±0.016 0.315±0.019 145.61±1.30
00-08 3.347±0.034 0.0999±0.0011 147.24±1.12 0.0041±0.0002 437.8±18.3 0.321±0.016 0.312±0.020 147.39±1.13
05-08 3.347±0.027 0.0747±0.0006 146.41±0.85 0.0036±0.0000 495.5±5.5 0.281±0.004 0.273±0.007 146.56±0.85

48010-208VE
03-07 3.310±0.006 0.5077±0.0003 147.40±0.81 0.0788±0.0001 1567.7±2.4 7.689±0.018 7.642±0.037 150.64±0.83

48010-215VE
00-03 3.369±0.003 0.2366±0.0001 147.77±0.94 0.0131±0.0001 569.4±2.5 1.188±0.007 1.166±0.015 148.29±0.95

48010-219VE
14-17 3.001±0.024 0.2824±0.0024 146.31±0.95 0.0026±0.0001 90.2±2.5 0.181±0.007 0.153±0.018 146.41±0.95

6.3 Results

6.3.1 U/Th dating

The results from the additional U/Th analyses are displayed in Table 6.2. The 238U
concentrations (3.0-4.0 ppm) are characteristic for well cleaned aragonite skeletons of
modern CWC corals (Fig. 6.2 A; Cheng et al. 2000, Frank et al. 2004, van de Flierdt et
al. 2010, Struve et al. 2017). The 232Th concentrations are low (0.07-0.51 ppb) and well
within the range reported for well cleaned aragonite of modern corals (Fig. 6.2 B; Cheng
et al. 2000, Frank et al. 2004, van de Flierdt et al. 2010, Struve et al. 2017). As such,
minimal contamination by 232Th-rich contaminants like Fe-Mn coatings (0.05-154 ppm;
van de Flierdt et al. 2010, Crocket et al. 2014), detrital contaminants (2.8 - 8 ppm; Struve
et al. 2017) and organic residue (0.14-0.40 ppm; Cheng et al. 2000) can be assumed. The
acquired ages were corrected for initial 230Th from seawater (Cheng et al. 2000, Robinson
et al. 2004) under the assumptions that the initial [230Th/232Th] activity ratio of the
samples was equal to the average intermediate North Atlantic seawater [230Th/232Th]
of 10 ± 4 (Moran et al. 1995, Vogler et al. 1998, Frank et al. 2004). The XRD
results indicated that all samples consisted of > 99.9% aragonite and hence diagenetic
recrystallization to calcite can be excluded. The δ234U initial values, calculated with the
corrected ages, all fall within the 5 ‰ range criterion (Dutton & Lambeck 2012) of
modern sea water (146.8 ± 0.1 ‰; Andersen et al. 2010) and thus closed system U-series
behaviour, unaffected by diagenesis, can be assumed (Fig. 6.2 C; Robinson et al. 2006).
Therefore, it is reasonable to interpret the acquired U/Th ages as the calendar age at the
time of coral growth.
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Figure 6.2: Boxplots of 238U (A) and 232Th (B) of fossil corals analysed in this study
compared to well-cleaned modern cold-water corals (Cheng et al. 2000, Frank et al. 2004,
van de Flierdt et al. 2010, Struve et al. 2017); (C) Histogram of δ234Uinitial in this study.
The vertical black line represents the modern seawater δ234U (Andersen et al. 2010) and
the grey band represents the 5 ‰ range criterion for closed system behaviour (Dutton &
Lambeck 2012).

6.3.2 The CWC age distribution

The coral samples in the compiled dataset originated during two distinct intervals of the
Holocene (Fig. 6.3). The first intervals covers the early to mid-Holocene (10-6 ka BP)
and contains the bulk of the samples including those collected thoughout one of the Celtic
margin mini-mounds. The second interval covers the late Holocene with two sample ages
between 1.5 to 1 ka BP and several samples dating back to the last 400 years (Fig. 6.3).
The intervals are separated by an interval of 5.5 kyr (6 to 1.5 ka BP) from which no
coral samples were found. Furthermore, there appears to be quite some variability in the
abundance of dated coral samples on centennial timescales with peak densities occurring
around 9.0, 8.5, 7.3, 6.9, 6.5 and at 0.30 ka BP separated by episodes from which little
or no coral samples were recovered (Fig. 6.3).
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Figure 6.3: Age distribution of U-Th dated L. pertusa samples derived from the upper
slope and shelf-break along the Bay of Biscay margins (Fig. 6.1). The age distribution is
visualised by a kernel density estimate (KDE; Vermeesch 2012) with a bandwidth equal
to the 90th percentile of the analytical age uncertainty across the samples. Dashes below
the density plot represent the mean age of the samples colored by area (Armorican, Celtic
and NW Iberian margin).

6.4 Discussion

This dataset of 51 U-Th ages marks a significant advance in the knowledge of the tem-
poral distribution of L. pertusa on the Bay of Biscay upper slope and shelf-break region.
However, due to the limited number of samples and sampled locations (3), it can only
provide a first indication of the true distribution and the observed patterns are prone to
sampling bias which is discussed in section 6.4.1. While the inferences from this limited
dataset have to be approached with scrutiny, the apparent disappearance of CWC growth
between 6 and 1.5 ka BP as well as the centennial-scale variability in coral abundance ap-
pear to suggest an important control of natural processes on the proliferation and demise
of L. pertusa on the upper Bay of Biscay slopes, which is further discussed in section 6.4.2.
Furthermore, the discovery of an L. pertusa specimen from 1924±18 AD (0.026±0.018
ka BP) provides some evidence for the hypothesis that the present-day absence of these
corals may be related to anthropogenic impact as discussed in section 6.4.3.
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6.4.1 Limits of the dataset and potential sampling bias

In order for the age distribution in this dataset to be interpreted as representing the tem-
poral occurrence pattern on the Biscay upper slope and shelf-break regions, a uniform
random selection of samples needs to be assumed. For the northern Bay of Biscay margin,
where samples were extracted from two different regions (Celtic and Armorican margins)
and from multiple cores distributed throughout each region, this assumption is reasonably
met. This is supported by the overall good agreement between the ages in both regions
(Fig. 6.3). Eventough the number of samples (37 on the Celtic margin vs. 11 on the Ar-
morican margin) and the sampling procedure (predominantly sampled throughout a core
in the Celtic margin vs. sampled from core tops in the Armorican margin) was different,
a two-sample two-sided Kolmogorov-Smirnov test (p = 0.06) indicates no significant dif-
ference at α = 0.05 between the age distributions of samples from both regions. This may
be explained by the fairly similar topographic (canyon interfluves at 250-400 m depth)
and oceanographic setting known to have an important influence on CWC occurence (De
Mol et al. 2011, Stewart et al. 2014). Given that the majority of samples were extracted
from two cores throughout a coral mound, the age distribution may also be prone to bias
in the sampling procedure of these cores. However, the depth distribution of the samples
over the coral bearing interval in each core is not significantly different from a uniform
distribution (χ2 test with p-values of 0.99 and 0.98; Fig. 6.4; Adery 1968). This was
further confirmed by a one-sample two-sided Kolmogorov-Smirnov test (Conover 1999)
which produced p-values of 0.97 and 0.36. Moreover, samples were extracted before any
age information was available and hence it can reasonably be argued that no bias was
introduced by the sampling procedure. The NW Iberian margin remains severely under
sampled with only 3 ages from a single coral branch. Given that the coral ages here are
on the older end of the distribution (Fig. 6.3) and given the overall different physical and
oceanographic setting (discussed in Chapter 4), the age distribution does not accurately
represent the true age distribution in this region. Inferences about the processes driving
CWC occurrence drawn from the observed age distribution thus predominantly apply to
the northern Bay of Biscay margin. However, even in this setting, the limited dataset
does not allow the observed age distribution to be considered fully representative of the
true distribution and the resulting interpretations should thus be treated with caution.
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Figure 6.4: Histogram (bin = 10 cm) of the depth distribution of L. pertusa samples
acquired throughout core 48010-201VE (A) and core 48010-206VE (B) plotted above a
CT slice and core picture. A permutational χ2 test (Adery 1968) with 10000 replicates
was used to test if the distribution binned at 10 cm was signficantly different from a
uniform distribution over the coral sequence (0-70 cm in core 48010-201VE) and (0-120
cm in core 48010-206VE).

6.4.2 Is the North Atlantic Oscillation driving shallow CWC
occurrence in the Bay of Biscay?

The North Atlantic Oscillation (NAO) is the most prominent pattern of atmospheric
variability over the North Atlantic region and results from changes in the distribution of
atmospheric mass between the Arctic and the subtropical Atlantic (Hurrell et al. 2001,
2003). This pattern is captured by the NAO index defined either as the normalised
December-to-March difference in sea level pressure (SLP) between stations in the Azores
High and Icelandic Low (Station based index; Hurrell 1995) or alternatively as the princi-
pal component (PC) of the leading empirical orthogonal function (EOF) of the December-
to-March SLP field in the North Atlantic region (PC based index; Hurrell et al. 2003,
Hurrell & Deser 2010). During a positive NAO phase, the meridional SLP gradient is
enhanced, resulting in anomalously strong and more northerly positioned westerlies over
the Atlantic (Hurrell et al. 2003). This causes an increased advection of warm and moist
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air as well as storms towards northern Europe causing regional mild and wet conditions
(Fig. 6.5; Hurrell 1995, Hurrell et al. 2003, Donat et al. 2010, Woollings et al. 2015).
Conversely, the meridional SLP gradient relaxes during a negative NAO phase, shifting
the weakened westerlies to a more southerly position and instead causing mild and wet
conditions in the Mediterranean region while conditions over northern Europe are rela-
tively dry and cold (Fig. 6.5; Hurrell 1995, Hurrell et al. 2003, Woollings et al. 2015).
Given that the NAO modulates wind stress (momentum flux) and air-sea exchange (heat
and fresh water flux) over the North Atlantic Ocean (Visbeck et al. 2003), it also has
widespread effects on sea surface temperature (SST), mixed layer depth (MLD; the depth
of the upper water column which is uniform in temperature and salinity), surface and
deep ocean circulation (Marshall et al. 2001, Visbeck et al. 2003, Häkkinen & Rhines
2004, Häkkinen et al. 2011, Clement et al. 2015, Delworth & Zeng 2015) and by exten-
sion on surface primary productivity and ocean ecology (Drinkwater et al. 2003, Henson
et al. 2009). Interestingly, the effect of the NAO on circulation and vertical mixing along
the Bay of Biscay margin has also been recognised in Li/Mg temperature, εNd and ∆14C
reconstructions measured in coral skeletons from both fossil CWC mini-mounds on the
upper Celtic margin (Chapter 5) as well on the live CWC reefs in the Guilvinec Canyon
along the Armorican margin (Montero-Serrano et al. 2013). Since both surface primary
productivity (Duineveld et al. 2004, Becker et al. 2009, van Oevelen et al. 2009) and
the permanent thermocline position (below the MLD) are important factors for CWC
development (White et al. 2005, Mienis et al. 2007, White & Dorschel 2010, Mohn et
al. 2014), the NAO may well be a driver of the observed variability in CWC abundance
along the upper Bay of Biscay margins.

In order to investigate this hypothesis, the CWC age distribution is compared to several
proxy reconstructions of NAO variability over the Holocene (Fig. 6.5 & 6.6; Trouet et al.
2009, Olsen et al. 2012, Wassenburg et al. 2016). High resolution NAO reconstructions
are primarily based on proxy records of continental precipitation (based on tree rings
and speleothem geochemistry; Trouet et al. 2009, Wassenburg et al. 2016) or tempera-
ture (modulating lake oxygenation and sediment geochemistry in a West Greenland lake
record; Olsen et al. 2012) in regions where there is a significant correlation between these
properties and the NAO index (so-called NAO teleconnection; Fig. 6.5; Hurrell et al.
2003, Wassenburg et al. 2016). However, in addition to non-NAO variability inherent to
the proxy records, these reconstructions have several limitations which need to be con-
sidered. Firstly, as the spatial pattern (i.e. the SLP centers of action around the Azores
and Iceland) of the NAO may vary over time (Hurrell et al. 2003, Wang et al. 2012,
Morley et al. 2014, Ortega et al. 2015, Wassenburg et al. 2016), so will the teleconnec-
tion pattern at the location of a specific record and thus a combination of records from
different locations is required to increase the robustness of the reconstruction (Lehner et
al. 2012). Secondly, proxy records that overlap with and hence can be calibrated to the
instrumental record only extend back to the last millennium (Fig. 6.6 C; Trouet et al.
2009). NAO reconstructions that extend further back in time are based on correlations of
long proxy records with the last millennial proxy reconstructions (Fig. 6.6 B & C; Olsen
et al. 2012, Wassenburg et al. 2016) making them prone to the propagation of errors.
Nevertheless, the high resolution NAO reconstruction by Wassenburg et al. (2016) based
on the correlation between speleothem rainfall records in NW Germany and NW Morocco
(Mg/Ca and δ18O respectively in Fig. 6.6 B), two regions currently within opposite NAO-
precipitation teleconnection (Fig. 6.5 B; Hurrell et al. 2003, Wassenburg et al. 2016),
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provides the first reasonably robust reconstruction over the early to mid-Holocene period
and is in good agreement with other late Holocene NAO sensitive proxy records (Fig. 6.6
B & C; Proctor et al. 2002, Drysdale et al. 2006, Trouet et al. 2009, Olsen et al. 2012,
Wassenburg et al. 2013).

Figure 6.5: North Atlantic Oscillation (NAO) teleconnection patterns revealed by the
pearson correlation between the PC-based December-to-March NAO index (Hurrell et
al. 2003) and the ERA-Interim reanalysis December-March monthly means of surface
(2 m) air temperature (A) and the total precipitation (B) from 1980 to 2018 (Dee et al.
2011). The contour line indicates the areas of 95% significance in the correlation. The
symbols indicate the locations of the dated L. pertusa samples and the NAO-sensitive
proxy records in Fig. 6.6. The red box indicates the extent of Fig. 6.1 A.

In the early Holocene (10.7-9.0 ka BP) the rainfall records in NW Germany and NW
Morocco are positively correlated (Fig. 6.6 B). Modeling by Wassenburg et al. (2016)
suggests that the vestigial Laurentide Ice Sheet (Carlson et al. 2008) may have caused a
strongly negative angle index of the NAO (Wang et al. 2012) where the Azores high was
more easterly and the Iceland Low was more southwesterly. This would have resulted
in SW-NE oriented Atlantic storm tracks carrying moisture to both sites causing the
NAO-rainfall teleconnection in NW Germany and NW Morocco to be positively corre-
lated (Wassenburg et al. 2016). Within this period, coral growth on the Armorican and
NW Iberian margins seems to have predominantly occurred during phases of increased
wetness in NW Germany (Green bars in Fig. 6.6), perhaps caused by a strengthening
of the southwesterlies. Between 9 and 8.1 ka BP, there is a transition towards a neg-
ative correlation between the rainfall records (Fig. 6.6 B) which may be explained as
an atmospheric reorganisation towards a modern-like NAO teleconnection pattern (Fig.
6.5 B; Wassenburg et al. 2016) in response to the demise of the Laurentide Ice Sheet
(Carlson et al. 2008). During this transition period, the first major pulse of CWC growth
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on the Celtic margin coincides with a period of drought in NW Morocco (brown bar in
Fig. 6.6). Although it did not coincide with increased rainfall in NW Germany, this may
have been the first Holocene phase of modern-like positive NAO conditions. Significant
negative correlation between the rainfall records and hence a modern-like NAO telecon-
nection pattern persists from 8.1 until 5.9 ka BP (Fig. 6.6 B; Wassenburg et al. 2016).
Throughout this period, centennial maxima in coral abundance appear to coincide with
wet(dry) episodes in NW Germany (Morocco) characteristic for positive NAO conditions
(red bars in Fig. 6.6). One exception to this is the coral abundance peak around 7.3
ka BP which instead coincides with relatively wet conditions in both Morocco and Ger-
many (Green bands Fig. 6.6). After 5.9 ka BP and until 4.7 ka BP, the rainfall records
are no longer significantly correlated (Fig. 6.6 B; Wassenburg et al. 2016) suggesting
decreased sensitivity of one or both proxy records, perhaps related to a second episode
of atmospheric reorganisation which changed the NAO-teleconnection pattern (Fletcher
et al. 2012, Morley et al. 2014). Interestingly this reorganisation seems to coincide with
the demise of the sampled CWC mini-mound on the Celtic margin (Fig. 6.6 A) although
it is currently unsure whether this event has regional significance for CWC growth or is
exclusive to the sampled CWC mound. After 4.7 ka BP, continued negative correlation
between rainfall in NW Morocco and Germany again suggest a modern-like NAO (Fig.
6.6 B). The predominantly dry (wet) conditions in NW Germany (Morocco) are consistent
with an interval (4.5 to 2.1 ka BP) of overall low (< 1) NAO index inferred from a West
Greenland lake record (Fig. 6.6 B; Olsen et al. 2012). L. pertusa appear to have only
recolonised the shallow Bay of Biscay slopes in the ensuing period of persistent positive
NAO which occurred between 2.1 and 0.5 ka BP (Fig. 6.6 C; Trouet et al. 2009, Olsen et
al. 2012) although the average age of one of the corals falls within a short excursion to a
more negative NAO index as indicated by transient lake oxygenation event around 1.4 ka
BP (Olsen et al. 2012). During the last millennium, the high resolution reconstruction
by Trouet et al. (2009) shows several decadal shifts between positive and negative NAO
conditions. Although the mean age of L. pertusa samples also appear to cluster during
episodes of positive NAO during this period (Fig. 6.6), the analytical age uncertainty
does not allow to unambiguously distinguish between these decadal shifts.

Generally, the Holocene temporal distribution of dated L. pertusa samples derived from
the upper slope and shelf-break region of the Bay of Biscay demonstrates that time
intervals with increased observed CWC presence coincide with positive NAO like condi-
tions. Furthermore, the 6 to 1.5 ka BP interval of observed coral absence appears to
coincide with an atmospheric reorganisation of the NAO pattern followed by a period
of overall more negative NAO conditions. Although this correlation does not necessar-
ily imply a causation, the widespread impact of the NAO on both primary productivity
(e.g. Drinkwater et al. 2003, Henson et al. 2009) and ocean dynamics (e.g. Visbeck et
al. 2003) does provide some merit to this hypothesis. Below, several of the potential
pathways in which a positive NAO may drive CWC proliferation on the Bay of Biscay
margins are discussed.
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Figure 6.6: (A) Age distribution of U-Th dated L. pertusa samples as in Fig. 6.3. Dashes
below the density plot represent the mean age of the samples colored by area (Armori-
can, Celtic and NW Iberian margin). (B) Speleothem rainfall records (8 point moving
average) from NW Morocco (δ18O in Grotte de Piste: GP2; Fig. 6.5) and W Germany
(Mg/Ca in Bunker Cave: Bu2 and Bu4; Fig. 6.5) recording North Atlantic Oscillation
(NAO) variability after Wassenburg et al. (2016). Vertical dashed lines delineate episodes
with a different correlation between both records (significant correlations are annotated),
suggesting changing NAO-rainfall teleconnections (Wassenburg et al. 2016). (C) NAO
index reconstructions based on speleothem (Scotland) and tree-ring (Morocco) rainfall
records (20 year moving average; Fig. 6.5; Trouet et al. 2009) and on geochemical lake
oxygenation proxies in W Greenland (unaveraged; Fig. 6.5; Olsen et al. 2012). Vertical
colored bars represent episodes of positive NAO conditions (red), wet conditions in NW
Germany (green), dry conditions in NW Morocco (brown).

6.4.2.1 Control on primary productivity

CWC reefs are net heterotrophic benthic communities and thus depend on surface pri-
mary productivity (Duineveld et al. 2004, 2007, Becker et al. 2009, van Oevelen et al.
2009). The timing and magnitude of phytoplankton growth is controlled by abiotic factors
like the availability of sunlight and the MLD which determines the nutrient availability
(Sverdrup 1953, Siegel et al. 2002, Friedland et al. 2018) as well as by biotic factors
(e.g. zooplankton grazing; Behrenfeld & Boss 2014), the relative importance of which is
still a matter of debate. In the subpolar region, where the sun incidence angle is low and
the MLD is deep, primary productivity is light limited (Sverdrup 1953). Here, the in-
crease in incident light and the decrease in the MLD during spring allows the production
to exceed the losses (by vertical mixing and grazing) resulting in a spring phytoplankton
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bloom (Sverdrup 1953, Siegel et al. 2002, Henson et al. 2009, González Taboada &
Anadón 2014). In contrast, the subtropical ocean is relatively stratified (shallow MLD)
and sunlight is abundant year round, causing primary productivity to be nutrient limited
and the subtropical bloom to develop in fall or winter when the MLD increases (Henson
et al. 2009, González Taboada & Anadón 2014). The Bay of Biscay lies in the transition
zone between the subtropical and subpolar regions and as a result, primary productiv-
ity is limited either by light, nutrients or both (Henson et al. 2009, González Taboada
& Anadón 2014). Consequently, primary productivity in this area is characterised by
significant inter-annual variability and is particularly sensitive to MLD changes driven
by large-scale forcing like the NAO (Barton et al. 2003, Henson et al. 2009). Henson
et al. (2009) investigated the timing and magnitude of phytoplankton blooms in the
North Atlantic and its relation to the NAO by means of satellite observations (SeaWifs
data), Argo float data and biogeochemical modelling. They find that during positive
NAO years, the MLD in the Bay of Biscay is reduced (also see Somavilla Cabrillo et
al. 2011) allowing the spring bloom to develop earlier, analogous to the subtropical
bloom. However, bloom timing is only weakly related to bloom magnitude and for the
subtropical region, a shallower MLD and an earlier bloom generally causes the nutrient
limited bloom to be reduced in magnitude (Henson et al. 2009). The northern Bay of
Biscay shelf-break regions is an exception in this regard as vertical mixing by internal
tides (New & Pingree 1990, Pingree & New 1995, Huthnance et al. 2001, Vlasenko et
al. 2016) and canyon-driven upwelling (Porter et al. 2016) replenish nutrients resulting
in sustained phytoplankton blooms over this region (Garcia-Soto & Pingree 1998, 2009,
Sharples et al. 2009, Bergeron & Koueta 2011, Pingree & Garcia-Soto 2014). Upwelling
occurs during episodes of equatorward slope current (Porter et al. 2016) which develop
seasonally (March-April) but appear to be more persistent under positive NAO condi-
tions (Garcia-Soto et al. 2002, deCastro et al. 2011, Garcia-Soto & Pingree 2012, Xu et
al. 2015a). Furthermore, the radiocarbon evidence presented in Chapter 5 suggests sig-
nificant upwelling of deep water paced by positive NAO occurred along the Celtic margin
during the early to mid-Holocene. Primary productivity along the NW Iberian margin
is modulated by summer coastal upwelling conditions (Perez et al. 2010) which develop
under long shore northerly winds and an equatorward slope current (Haynes et al. 1993,
Ferreira Cordeiro et al. 2018). Also along this margin, a positive correlation between
the NAO and upwelling intensity has been recognised as positive NAO conditions cause
an increased anticyclonic atmospheric circulation off the W Iberian coast (deCastro et
al. 2008, Perez et al. 2010). In conclusion, primary productivity along the Bay of Biscay
shelf-break region may be enhanced by positive NAO conditions as a result of an earlier
development and a more sustained phytoplankton bloom by intensified upwelling. This
is likely to increase the transport of high quality organic matter to CWC communities on
the shelf-break and upper slope and could explain the observed correlation between the
NAO reconstructions and coral abundance (Fig. 6.6).

6.4.2.2 Control on the bottom current regime

In addition to surface primary production, CWC reefs rely on vigorous bottom currents
to transport the surface derived particulate organic matter (POM) to their polyps (White
et al. 2005, Mienis et al. 2007, White 2007, Hebbeln et al. 2016). Bottom currents arise
from the interaction of periodic and continuous (i.e. residual) oceanic motions with the
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continental margin topography (Cacchione et al. 2002, Lamb 2014, Rebesco et al. 2014).
The amplification of bottom currents resulting from the interaction of periodic motions
with the steep continental slopes (internal tides and waves) under the strong vertical
density gradient at permanent thermocline depth (~500-1000 m, below the winter MLD)
is of particular importance for the NE Atlantic CWC mounds (White & Dorschel 2010,
Mohn et al. 2014, van Haren et al. 2014). On the northern Bay of Biscay continental
slopes, the bottom current regime is dominated by the generation and dissipation of
semidiurnal internal tides which are among the strongest in the world (e.g. Green et
al. 2008, Pichon et al. 2013, Vlasenko et al. 2014) and the resulting turbulence is
thought to be of vital importance for the modern CWC reefs located within the canyons
(Huvenne et al. 2011, Khripounoff et al. 2014). Semidiurnal internal tides are also an
important component of the bottom currents on the NW Iberian margin as discussed
in Chapter 4 (Collart et al. 2018). The intensity and position of the internal tide-
topography interaction depends (among other factors like topography) on the vertical
density gradient of the permanent thermocline (Cacchione et al. 2002, Lamb 2014, Mohn
et al. 2014) and thus is affected by variability in MLD modulated by the NAO (Visbeck
et al. 2003, Henson et al. 2009). On inter-annual to decadal timescales, a positive NAO
causes a shallower MLD and permanent thermocline in the Bay of Biscay (Henson et
al. 2009, Somavilla Cabrillo et al. 2011). On multi-decadal to centennial timescales,
climate models and observations suggest that a persistent positive NAO may enhance
the Atlantic Meridional Overturning Circulation (AMOC) and deep water production
rates (Huang et al. 2012, Delworth & Zeng 2015), which causes the basin-scale North
Atlantic permanent thermocline to become shallower (Huang et al. 2000, Johnson &
Marshall 2004, Zhang 2007). A shallower permanent thermocline would have shifted
the (periodic) bottom current regime further towards the shelf-beak and upper-slopes of
the Bay of Biscay margins, favouring the CWC reefs in this region. Furthermore, the
increased North Atlantic vertical density gradients under an increased AMOC has also
been proposed to induce a shallower settling depth of the MSW (Rogerson et al. 2011,
2012). This water mass flows along the Bay of Biscay margin as a density-driven contour
current with relatively high residual velocities (White & Dorschel 2010, Hernández-Molina
et al. 2011) and the resulting bottom currents, especially at its upper boundary with the
ENACW, have also been associated to CWC mound development (e.g. De Mol et al.
2005a, White 2007, Somoza et al. 2014, Hebbeln et al. 2016). A shallower position of
this water mass may thus also have favoured the development of the CWC reefs on the
upper Bay of Biscay slopes, in particular on the NW Iberian margin where the effects
of the MSW contour current are apparent from the sedimentary features as discussed in
Chapter 4.

The connection between the AMOC and the CWC proliferation is further corroborated
by the fact that the main phase of CWC mini-mound development (6-9 ka BP) seems
to co-occur with an episode of intensified AMOC (McManus et al. 2004, Lippold et al.
2016). Finally, the effect of the NAO on the residual slope current (Garcia-Soto et al.
2002, deCastro et al. 2011, Garcia-Soto & Pingree 2012, Xu et al. 2015a) may also have
caused variability in the bottom current regime. The canyon-driven upwelling during
episodes of an equatorward residual slope current (Porter et al. 2016) may concentrate
suspended particles (and POM) above the canyon head in a rim-depth eddy (Allen &
Hickey 2010) which would benefit the CWC reefs dwelling on the adjacent interfluves. In
contrast, canyon downwelling under a persistent northward residual slope current (Allen



138 CHAPTER 6. DRIVERS AND CHALLENGES OF CWC

& Hickey 2010, Porter et al. 2016) would flush the suspended material to greater water
depth, making it unavailable to the shelf-break CWC reefs, while benefitting the canyon
dwelling CWC’s instead (Huvenne et al. 2011). In conclusion, the NAO drives dynamic
changes in both the pycnocline position with the associated periodic bottom current
regime and in the residual ocean circulation on a range of timescales. Although the
relative importance of these processes cannot be determined, positive NAO conditions
appear to enhance the resulting bottom current regime on the shelf-break and upper
slope of the Bay of Biscay which may also explain the observed connection with CWC
abundance.

6.4.3 Anthropogenic impact and conservation efforts

Although the coral rubble fields on the shelf-break and upper slopes of the Bay of Biscay
appear to predominantly date back to the early to mid-Holocene, several coral samples
suggest that environmental conditions in pre-industrial times (up to 1924±18 AD) were
able to sustain renewed CWC development (Fig. 6.3). This provides some evidence that
the absence of modern CWC reef growth in these regions may indeed be attributed to
anthropogenic influences. The shelf-edge of the Bay of Biscay was and is still frequently
visited by fishing vessels (Fig. 6.7; Sharples et al. 2013, Vespe et al. 2016) as the
increased primary productivity linked to upwelling conditions supports dense fish stocks
(Sharples et al. 2007, 2009). As such, the widespread adoption of beam trawl and otter
trawl fishing from the industrial revolution onward (Martín et al. 2014a) is bound to
have had detrimental consequences for the CWC reefs dwelling in this area. Trawling
has been observed to severely damage CWC reefs in other areas (Fosså et al. 2002, Hall-
Spencer et al. 2002, Clark et al. 2015, Huvenne et al. 2016) and also within the fossil
CWC mini-mound province on the upper Celtic margin, seafloor trawl marks have been
observed (Stewart & Davies 2007).

Fortunately, awareness of these vulnerable marine ecosystems (VMEs) has been growing
in the last decades (CWC habitats were listed as VME by the United Nations General
Assembly; UNGA 2006, FAO 2009, Davies et al. 2017) and conservation efforts like
the European Commission’s Habitats Directive (92/43/EEC 1992) and the Oslo-Paris
Convention for the Protection of the Northeast Atlantic (OSPAR 2008, 2010) have started
to include CWC reefs habitats within their network of Special Areas of Conservation
(SACs) and Marine Protected Areas (MPAs; Fig. 6.7; UNEP-WCMC 2019). In the Bay
of Biscay, the (fossil and live) CWC reef habitats along the shelf-break and slope region
of the Celtic, Armorican and Aquitaine margins (Van den Beld et al. 2017) have been
proposed as a Site of Community Importance (SCI; Fig. 6.7), which if accepted may move
on to becoming a SAC under the Natura2000 Habitats Directive (Fig. 6.7; MNHN-SPN
& GIS-Posidonie 2014). Furthermore, the Celtic margin CWC mini-mound province and
the live CWC reefs within the adjacent canyons (Stewart et al. 2014, Davies et al. 2015)
have been designated as a Marine Conservation Zones (MCZ) by the UK Joint Nature
Conservation Committee since 2013 (Fig. 6.7; JNCC 2013). In contrast, no conservation
efforts have been undertaken on the newly discovered CWC mini-mound province on the
NW Iberian margin (Chapter 4) and fishing pressure in this area remains exceptionally
high (Fig. 6.7; Vespe et al. 2016). Collection of additional video data in follow up studies,
in order to understand an accurately classify these habitats (e.g. according to Davies
et al. 2017) and assess the damage from trawling, will be required to also commence
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conservation efforts in this area.

Figure 6.7: Hillshaded bathymetry map of the Bay of Biscay continental margins with
the fishing activity of european trawl fishing vessels (> 15 m) between September 2014
and September 2015, mapped as the number of Automatic Identification System (AIS)
messages classified as ‘fishing’ per square kilometre derived from Vespe et al. (2016).
Note the logaritmic color scale. Polygons indicate the designations of the different marine
protected areas along the Bay of Biscay continental margin, downloaded from the World
Database on Protected Areas (WDPA; UNEP-WCMC 2019).
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Conservation efforts have proven effective in largely avoiding additional fishing impact in
MPAs like the Darwin Mounds (Davies et al. 2007, Huvenne et al. 2016), off Norway
(Armstrong & van den Hove 2008) and in the Celtic margin SMZ (absence of AIS fishing
messages during 2014-2015; Fig. 6.7; Vespe et al. 2016). However, follow up studies
have shown that the damaged CWC reefs are slow (decades or more) to recover (e.g. off
New-Zealand; Williams et al. 2010, on the Darwin Mounds; Huvenne et al. 2016). Even
though fossil CWC rubble is a suitable substrate for coral larvae settling (Roberts et
al. 2006), no coral recolonization was observed in the Darwin mounds (Huvenne et al.
2016). A potential explanation is that these mounds, whose main development phase
also occurred during the early to mid-Holocene (10-6.5 ka BP; Victorero et al. 2016)
analogous to the Bay of Biscay CWC mini-mounds (Fig. 6.3), currently experience sub-
optimal environmental conditions for L. pertusa (Ross & Howell 2013, Huvenne et al.
2016). This begs the question if conservation efforts on the shelf-break and upper slopes
of the Bay of Biscay could result in any recolonization of the CWC mini-mound rubble
fields which, in contrast to the Darwin Mounds, are currently devoid of live coral. The
mini-mounds, which are located outside of the favourable permanent thermocline depth
(White & Dorschel 2010) and outside of areas where predictive habitat models suggest
high probability of L. pertusa occurrence (Davies et al. 2008, Ross & Howell 2013),
may thus be an unlikely settling ground for new CWC larvae. Given that the temporal
distribution of the fossil CWC reefs suggests optimal environmental conditions for L.
pertusa growth are connected to positive NAO conditions and intensified AMOC (Fig.
6.6), the feedback of these climatic modes to on-going anthropogenic climate change
(IPCC 2014) may be of importance to these ecosystems.

The response of the mid-latitude jet stream and the NAO to greenhouse gas warming
is far from certain (Barnes & Screen 2015, Hall et al. 2015, Hanna & Cropper 2017).
Greenhouse gasses trap infrared radiation in the lower atmosphere and thus increased
concentrations warm the lower troposphere while the stratosphere cools. As greenhouse
gas warming in the troposphere is more intense at high latitudes (Overland et al. 2017), it
tends to reduce the meridional temperature gradient near the earth’s surface, decreasing
the intensity of the jet stream, all else being equal (Jennifer & Stephen 2015, Overland
et al. 2015). In contrast, at high altitudes the meridional temperature gradient increases
due to global warming as a result of increased humidity and a higher (and thus warmer)
upper troposphere in the tropics and increased stratospheric cooling at the poles (Barnes
& Screen 2015, Harvey et al. 2015). These two competing influences both affect the mid-
latitude atmospheric dynamics (Barnes & Screen 2015) and while one climate modelling
study (CMIP3 models) suggests the near surface effects dominate and will act to reduce
the NAO in a warming climate (Harvey et al. 2015), the CMIP5 climate simulations by
Gillett & Fyfe (2013) suggest a weak trend to a more positive NAO. Furthermore, Hall
et al. (2015) discuss a wide range of potential forcing mechanisms driving jet stream
variability and conclude that many of these processes may not yet be reliably replicated
in current generation climate models but that overall they appear to actuate a more
negative NAO in the coming decades. Although the magnitude of the global warming
impact on the AMOC remains a hotly debated topic, modelling and observations indicate
that the increasing freshwater flux from melting ice caps to the North Atlantic convection
zones has been weakening the AMOC and this trend is likely to continue into the future
(Meehl et al. 2007, Srokosz & Bryden 2015, Caesar et al. 2018, Thornalley et al. 2018).
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It appears that, if the NAO and AMOC feedback mechanisms to the Bay of Biscay
shelf-break CWC mounds discussed above persist in the coming decades, anthropogenic
climate warming will cause unfavourable conditions for CWC recolonization of these fossil
features. However, over the last decade there also appears to be a trend towards earlier
phytoplankton blooms of greater magnitude (Friedland et al. 2018), which in turn may
favour coral growth in this region. The rise in anthropogenic CO2 and the resulting
ocean acidification (recorded average pH decrease of 0.1 in ocean surface water since pre-
industrial times and projected decrease of 0.06 tot 0.32 by 2100; IPCC 2014) and shoaling
of the aragonite saturation horizon (observed shoaling in the North Atlantic of 80-400 m
and projected shoaling of up to 2000 m; Feely et al. 2004, Orr et al. 2005, Tanhua et
al. 2007) is another potential threat to CWC globally (Roberts et al. 2006, Lunden et al.
2013). Fortunately, preliminary studies suggest CWC like L. pertusa may be fairly robust
against changing aragonite saturation states (Form & Riebesell 2012, Farfan et al. 2018)
and the relatively shallow position of the Bay of Biscay shelf edge mini-mounds may be
advantageous in this regard. On the other hand, rising ocean temperatures (projected
rise of mean SST of 1-3.7 �C ; IPCC 2014, Cheng et al. 2019) may push the temperatures
at the depth of the mini-mounds (10.8-11.4° C on the NW Iberian margin province and
11-11.5° C along the Celtic margin province) outside of the range tolerated by L .pertusa
(4-15° C; Rogers 1999, Freiwald et al. 2004, 2009, Fink et al. 2012, Brooke et al. 2013,
Flögel et al. 2014).

Although further investigation is required, it appears that without significant efforts to
reduce anthropogenic CO2 rise in the coming decades, chances of CWC recolonization on
the Bay of Biscay shelf-break and upper slope region are rather slim, even if conservation
efforts are able to reduce fishing impacts. Nevertheless, protection of these regions is vital
since the coral rubble fields, while lacking in CWC growth, form the habitat of range of
other species (e.g. Ophiuroids and Munida; Davies et al. 2014, Van den Beld et al. 2017).
Furthermore, as trawling activity on the shelf-break has been shown to cause increased
sediment resuspension and transport within the canyons below (Martín et al. 2014b,
Puig et al. 2014), protection of this area may be vital for the survival of the remaining
live CWC reefs in the Bay of Biscay canyons (De Mol et al. 2011, Huvenne et al. 2011,
Davies et al. 2014, Khripounoff et al. 2014, Van den Beld et al. 2017).
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Chapter 7

Conclusion and Outlook

The objective of this dissertation was to answer the following questions on the CWC
mini-mounds along the shelf-break and upper slope of the Bay of Biscay margins:

1) What are the present-day oceanographic processes that affect the fossil CWC mini-
mounds and the sedimentary environment in the newly discovered province along
the NW Iberian margin?

2) What is the relationship of the NW Iberian margin CWC mini-mounds with the
seepage processes in the nearby pockmark field ?

3) When did the Bay of Biscay CWC mini-mounds develop, how were the palaeoceano-
graphic processes different from today and what is the connection to the large-scale
climate-driven North Atlantic ocean circulation?

4) What was the role of the palaeoceanographic processes in driving the proliferation
of CWC growth on the Bay of Biscay mini-mounds?

5) Given the timing of coral growth on the Bay of Biscay mini-mounds, can the demise
of these mounds be linked to anthropogenic impact? Given the driving processes for
CWC growth in the past, could these ecosystems be able to recolonise this setting
if anthropogenic impacts were to be mitigated?

This dissertation was able to answer these questions to a certain extent and a summarised
version is given below. However, some aspects remain speculative and an outlook to
further research is presented.
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7.1 Oceanographic processes and their impact on the
sedimentary environment and the CWC mini-
mound along the NW Iberian margin

Geophysical data (multibeam bathymetry, backscatter and seismic reflection profiling)
was used to map the geomorphological features around the Ferrol Canyon head and outer
Ortegal Spur (NW Iberian margin). This map was combined with oceanographic (CTD)
data to infer the oceanographic processes active in this area. The Ferrol Canyon head is
characterised by erosional (erosional and abraded surfaces, contourite channels and fur-
rows), depositional (contourite drifts and sediment waves) and mixed (contourite terrace)
sedimentary features, indicating a dominant control of bottom currents on the sedimen-
tary processes. These bottom currents are related to the interaction of the canyon head
topography with the residual MSW contour current and with the periodic M2 internal
tides associated to the permanent pycnocline at the ENACW-MSW interface. Using a
semi-automated mapping approach based on Bathymetric Positional Index (BPI) and
video groundtruthing, a new CWC mini-mound province was characterised. Over 171
mini-mounds were identified with a diameter of 60-190 m and a mound height of 1.5-3.1
m located on the Ortegal spur contourite terrace at a water depth of 400-560 m. Prelim-
inary video observations indicate that the mounded features are associated with CWC
(predominantly L. pertusa) rubble fields, identifying them as fossil CWC mounds. The
CWC mini-mound province on the Ortegal Spur terrace appears to be positioned above
the modern ENACW-MSW interface and partly outside of the erosional region currently
dominated by bottom currents. As CWC are known to thrive in vigorous bottom cur-
rents, the abundance of mini-mounds at 400-550 m depth suggests the pycnocline at the
ENACW-MSW interface may have been up to 200 m shallower in the past. This is corrob-
orated by the presence of the Ortegal Spur contourite terrace, a large-scale sedimentary
feature often associated with water mass interfaces.

Sedimentary features and CTD data only provide indirect evidence for bottom current
processes and the oceanographic phenomena that generate them. Further investigation
of the oceanographic processes at play, requires a combined approach of bottom current
velocity measurements and numerical modelling. Furthermore, there is a need to ac-
quire sediment cores throughout the mini-mounds to ground truth their origins as CWC
mounds (rather than coral topped mounds). In this preliminary study, video data were
fairly limited. As such, there also is a need for further video exploration of the mini-
mound province in order to investigate if all the mound features are fossil or if any live
coral still exists, especially in the deeper part of the province where erosional sedimentary
processes and bottom currents persist.
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7.2 CWC mini-mounds and seepage processes on the
NW Iberian margin

Semi-automated mapping based on BPI and morphometric analysis (PCA and PER-
MANOVA) was used to compare the morphology of different groups of CWC mini-mounds
and pockmarks around the Ferrol Canyon head and the Ortegal Spur (NW Iberian mar-
gin). A significant morphological difference was found between a group of larger and more
distributed CWC mini-mounds adjacent to the pockmark field on the Ortegal Spur and a
group of smaller, clustered mounds to the north of the Ferrol Canyon. In contrast, no sig-
nificant morphological difference other than elevation(mounds)/depression(pockmarks)
was found between the adjacent mounds and pockmarks. These observations may be
explained by the fact that early-stage CWC mounds inherit their morphology from the
colonised substrate. Hard grounds consisting of methane-derived authigenic carbonate ce-
mentation, often associated with seepage processes in pockmarks, may thus have provided
preferential colonization surfaces for CWC larvae resulting in CWC mound development
on top of pre-existing pockmarks. This is corroborated by the observation of seismic
facies signatures indicative of fluid-flow below this group of CWC mounds and below
the pockmarks. The smaller and more clustered mounds appear similar to CWC mini-
mounds in other provinces along the Bay of Biscay margins where no seafloor seepage is
apparent. These mounds likely developed as a result of coral colonization of smaller firm
features like dropstones.

The novel semi-automated mapping approach was successful in providing rapid and ob-
jective morphometric statistics of relatively small seabed features like the mini-mounds
and pockmarks. Furthermore, the use of multivariate morphometric analysis allowed to
use these data to gain insight in the formation processes of these features. More generally,
this approach can be used in a wide range of geomorphological applications at a range of
scales (e.g. seamounts, volcanoes and impact craters on planetary bodies). However, this
method only provided indirect evidence for CWC colonization of seepage features and
there is a need to groundtruth the existence of authigenic carbonates below the CWC
mini-mounds by means of sediment cores.
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7.3 Timing of the Bay of Biscay CWC mini-mound
development, palaeoceanographic processes and
implications for the Atlantic Meridional Over-
turning Circulation

U-Th dating was used to determine the timing of CWC development on the shelf-break
and upper slopes of the Bay of Biscay margins. The majority of dated L. pertusa samples
was derived from 2 cores throughout a single CWC mini-mound (30 samples) and from
different core tops (7 samples) spread throughout the Celtic margin min-mound province.
These data reveal that the main CWC growth phase in this province dates back to
the early to mid-Holocene (9-6 ka BP) but that coral recolonization also occurred from
1.17±0.02 ka BP up to 0.15±0.02 ka BP. This dissertation also expanded the existing
dataset (5 samples) of dated L. pertusa samples derived from box-cores in the Armorican
margin mini-mound province with 6 additional samples. Interestingly, these CWC mini-
mounds appear to have developed simultaneously to the Celtic margin mini-mounds with
most samples dating back to the early to mid-Holocene (9.6-7 ka BP) as well as two
younger samples from 1.4±0.2 ka BP and 0.026±0.018 ka BP (1924±18 AD). Finally,
three polyps from an L. pertusa grab sample in the NW Iberian margin CWC province
indicate coral growth here was also active during the early Holocene (9.3-9.6±0.03 ka
BP).

This work has been able to frame the timing of CWC mini-mound development on the
Celtic margin through the sampling of an entire mound sequence. However, the Armor-
ican margin and especially the NW Iberian margin mini-mounds remain under-sampled.
Further sampling and dating of CWC rubble throughout the mounds in these provinces
will allow to better compare the timing of CWC development between provinces and
elucidate potential shifts in the biogeographic limits of L. pertusa during the Holocene
(e.g. Frank et al. 2011).

The early to mid-Holocene palaeoceanographic processes along the Celtic margin were
investigated through the construction of a high-resolution multi-proxy time series (εNd,
bottom water temperature and ∆14C) on L. pertusa samples from the sampled CWC
mini-mound. This record displays significant sub-millennial scale fluctuations in the
∆14C (23[13:33] to -89[-96:-82] ‰) and εNd (-11.70±0.7 to -14.70±0.4) signature of the
NE Atlantic winter mixed layer, accompanied by mild shifts in temperature (9.8±0.9
to 11.4±0.9 °C). These fluctuations most likely represent episodes of intensified canyon-
driven upwelling of poorly ventilated water. Analogous to the modern oceanographic
processes along this margin, the upwelling episodes appear to be driven by dynamic
changes in the slope current direction under persistent positive NAO-like atmospheric
forcing. This interpretation is in good agreement with early to mid-Holocene proxy
reconstructions of SPG circulation and continental precipitation patterns, both driven by
the NAO.

However, the upwelling hypothesis cannot explain the mid-Holocene occurrence of an
extremely 14C depleted water mass with an unradiogenic εNd signature. This water mass
has no equivalent within the modern Atlantic Ocean and since both diagenetic effects
on the U/Th ages and local influence of respired, radiocarbon-dead organic carbon may
reasonably be excluded, this observation suggests mid-Holocene changes in the ∆14C
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and/or εNd signature of one or more Atlantic water mass end-members. While early
to mid-Holocene southern sourced intermediate (AAIW) and deep water (AABW) was
sufficiently low in ∆14C to explain the observations, it is unlikely that their depleted
signature could be transmitted to the upper Celtic margin given that the unradiogenic
εNd signature indicates mixing with a significant fraction of a presumably well-ventilated
northern end-member (LSW and/or NADW). Therefore, the Celtic margin observations
appear to require a northern source of poorly ventilated water, seemingly at odds with
the well documented mid-Holocene intensification of the AMOC. In an attempt to rec-
oncile these observations, this dissertation proposes the hypothesis that the marked mid-
Holocene increase in Nordic Sea convection depth flushed the remnants of an extremely
14C depleted abyssal Arctic Ocean reservoir, thought to have accumulated here during
the LGM, and propagated its depleted signal throughout the mid-depth North Atlantic.
Whatever the source, the discovery of significant radiocarbon depletion (and hence high
radiocarbon reservoir ages) at the depth of the winter mixed layer, has important implica-
tions for Holocene sedimentary palaeoceanographic records derived from continental mar-
gins whose age models are often based on radiocarbon dating of planktonic foraminifera
dwelling in top 300 m.

This work appears to have uncovered a gap in the knowledge of the Holocene North
Atlantic Ocean carbon cycle. First of all, there is a need to reproduce the observations
of extremely low ∆14C signatures in the CWC mini-mounds of the Celtic margin in
order to further exclude potential analytical bias. Furthermore, analysis of the natural
δ13C signature in these corals would allow to further exclude the influence of respired
old carbon on their ∆14C signature. Secondly, Holocene North Atlantic records of ∆14C
are surprisingly sparse and there is a clear need to further constrain the ventilation of
the mid-depth Atlantic water mass end-members during the early to mid-Holocene. As
this study has demonstrated, cold-water corals lend themselves exceptionally well to this
purpose as they provide a robust way to determine past ambient water ∆14C which
is largely unaffected by reworking, bioturbation, diagenesis and vital effects which may
plague foraminifera-based ∆14C reconstructions (e.g. Ezat et al. 2017, Magill et al. 2018).
Furthermore, it has been shown that CWC allow the reconstruction multi-proxy records
which can be combined with correlation analysis and mixing diagrams to investigate the
origins of the recorded signals. As such, the collection of additional paired records of
∆14C and εNd (as well as Li/Mg temperature) throughout the Atlantic will allow to
further investigate the proposed hypotheses on the origin of the poorly-ventilated mid-
Holocene water masses.
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7.4 Driving processes of CWC growth on the Bay of
Biscay mini-mounds

The temporal distribution of dated L. pertusa samples from the Celtic and Armorican
margin mini-mounds displays significant sub-millennial scale variability in CWC abun-
dance suggesting an important control of natural processes on the proliferation of CWC
growth. The episodes of peak coral abundance correlate with periods of persistent pos-
itive NAO conditions, as suggested by proxy-based NAO reconstructions. Furthermore,
the demise of the sampled CWC mini-mound on the Celtic margin coincides with a mid-
Holocene atmospheric reorganisation. While our limited dataset can only provide a first
indication of the true temporal distribution of these CWC, this apparent correlation may
be explained by the widespread impact of the NAO atmospheric forcing on both primary
productivity and ocean circulation. Analogous to the modern Bay of Biscay, positive
NAO conditions may have caused a shallower MLD (and permanent thermocline) and
more persistent upwelling under an equatorward slope current which could have favoured
CWC growth by driving an earlier and more persistent seasonal phytoplankton bloom
over the shelf-break. The importance of upwelling variability paced by the NAO along the
Celtic margin is corroborated by the observed fluctuations in water ventilation recorded
in the coral ∆14C signature. Alternatively, a persistent positive NAO may also have
intensified the AMOC causing a further shoaling of the permanent thermocline and the
associated bottom current regime, favouring CWC growth by increasing the suspended
particle flux to the relatively shallow Bay of Biscay mini-mounds. This is corroborated
by the coincidence of the main phase of CWC mound growth on the Celtic margin with
an early to mid-Holocene episode of intensified AMOC. Finally, canyon-driven upwelling
processes may also be important in enhancing the suspended particle concentration at
the shelf-break.

The hypothesis that the feedback of the NAO on the primary productivity and thermo-
cline structure may drive CWC proliferation on the Bay of Biscay shelf-break and upper
slope is based on the assumptions that (1) the distribution of sampled L. pertusa ages
is representative of the true temporal distribution of CWC growth and (2) the NAO
feedback processes throughout the Holocene were similar to the present day. While as-
sumption (1) is reasonably met for the larger number of samples from the Celtic margin
and Armorican margin mini-mounds which have a fairly similar topographic and oceano-
graphic setting, this is not the case for the NW Iberian margin mini-mound province.
This confirms the need for additional sampling and dating of these CWC mini-mounds.
Assumption (2) may be investigated by the collection of additional multi-proxy (εNd,
bottom water temperature and ∆14C) records on samples from the mini-mounds of the
Armorican and NW Iberian margin CWC mounds to test if similar upwelling conditions
paced by the NAO are observed.
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7.5 Anthropogenic threats and conservation efforts

L. pertusa samples from the Celtic and Armorican margins mini-mound provinces which
date back to the last 400 years (up to 1924±20 AD) indicate that the pre-industrial envi-
ronmental conditions in this region were abel to sustain CWC growth. As these provinces
lie on the shelf break region where historical fishing activity was high, the present-day lack
of living CWC may have resulted from habitat destruction by trawl fishing. Fortunately,
the Celtic margin mini-mound province has been designated as a Marine Conservation
Zone in 2013 and also the Armorican margin mini-mound province lies in an area which
has been proposed as a Special Area of Conservation in 2014. In contrast, no conservation
efforts have been undertaken to protect the newly discovered NW Iberian margin CWC
mini-mound province which is subject to significant fishing pressure. While conservation
efforts in other areas appear to be successful in avoiding additional fishing impact, exist-
ing follow up studies suggest living CWC reefs take more than a decade to recover and
new coral colonization may be absent in sub-optimal environmental conditions. Given
that both the NAO index and the AMOC intensity are projected to decrease in the
coming decades as a result of on-going anthropogenic climate change, the Bay of Biscay
mini-mounds may no longer be located in conditions that allow new coral-recolonization.
This is especially true as the projected rise in ocean temperature may push the shallow
CWC mini-mound provinces outside of the temperature tolerance range of L. pertusa.
Nevertheless, conservation efforts of these fossil mini-mound provinces are important as
the coral rubble fields are a habitat to other marine species and trawling on the shelf-
break region may adversely affect the remaining live CWC reefs within the submarine
canyons below.

As the newly discovered CWC mini-mound province on the NW Iberian margin remains
unprotected from fishing impact, there is an urgent need to for further video exploration
in order to classify the existing habitats (Davies et al. 2017), assess damage from trawling
and evaluate if conservation efforts should be undertaken. Furthermore, the sensitivity
of the CWC ecosystems on the Bay of Biscay margins as well as globally, emphasises the
urgent need to mitigate further anthropogenic CO2 rise.
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Appendix I

Derivation of 230Th age equation

This derivation is based on the one from Broecker (1963) and Edwards (1988). In con-
trast to this work, it uses the Laplace transform to solve the differential equations as
demonstrated by Bateman (1910):

The equation allows to determine initial ( 234U
238U

)0 and sample age as a function of the
measured ( 234U

238U
) expressed as δ234UM and the measured ( 230T h

238U
)

A few definitions:

• The number of atoms of each nuclide will be expressed as 238U , 234U and 230Th

• λi = ln(2)
t1/2

will represent the decay constant of nuclide i with half-life t1/2

• t represents time

•
δ234UM = ((

234U ∗ λ234

238U ∗ λ238
)M − 1) ∗ 1000 = ([

234U
238U

]M − 1) ∗ 1000 (I.1)

• The f terms will represent the activity ratios in excess of secular equilibrium, ac-
tivity ratios will be written with square brackets:

•
f230 = (

230Th ∗ λ230

238U ∗ λ238
) − 1 = [

230Th
238U

] − 1 (I.2)

•
f234 = (

234U ∗ λ234

238U ∗ λ238
) − 1 = [

234U
238U

] − 1 (I.3)

Assumptions:

• Parent nuclide 238U is constant relative to the half-life time of its daughter nuclides

• closed system: no chemical changes of 238U , 234U or 230Th occur

• the system starts without initial 230Th and thus ( 230T h
238U

)0 = 0 and f230 = −1 at t = 0

The equations for radioactive production and decay are:
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d230Th

dt
= λ234

234U − λ230
230Th (I.4)

d234U

dt
= λ238

238U − λ234
234U (I.5)

Rearranging (I.2) and (I.3) gives:

(f230 + 1)
238Uλ238

λ230
=230 Th (I.6)

(f234 + 1)
238Uλ238

λ234
=234 U (I.7)

While assuming a constant 238U with time, substituting (I.4) and (I.5) with (I.6) and
(I.7) gives:

df230

dt
= λ230(f234 − f230) (I.8)

df234

dt
= −λ234f234 (I.9)

We will solve differential equations (I.8) and (I.9) using the Laplace transform:

First we solve (I.8):

L{df234

dt
} = L{−λ234f234} (I.10)

L{f234} − (f234)0 = −λ234L{f234} (I.11)

L{f234} = (f234)0

s + λ234
(I.12)

f234 = L−1{ (f234)0

s + λ234
} (I.13)

f234 = (f234)0e
−λ234t (I.14)

Then, we substitude (I.14) in (I.8) and we solve using the Laplace transform:

df230

dt
+ λ230f230 = λ230(f234)0e

−λ234t (I.15)

L{df230

dt
+ λ230f230} = L{λ230(f234)0e

−λ234t} (I.16)

L{f230} − (f230)0 + λ230L{f230} = λ230(f234)0L{e−λ234t} (I.17)

L{f230}(s + λ230) = (f230)0 + λ230(f234)0

(s + λ234)
(I.18)

L{f230} = (f230)0

(s + λ230)
+ λ230(f234)0

(s + λ234)(s + λ230)
(I.19)
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f230 = L−1{ (f230)0

(s + λ230)
+ λ230(f234)0

(s + λ234)(s + λ230)
} (I.20)

To solve the inverse laplace term of (I.20) we first need to express the second part in its
partial fractions:

λ230(f234)0

(s + λ234)(s + λ230)
= A

(s + λ234)
+ B

(s + λ230)
(I.21)

λ230(f234)0

(s + λ234)(s + λ230)
= As + Aλ230 + Bs + Bλ234

(s + λ234)(s + λ230)
(I.22)

λ230(f234)0

(s + λ234)(s + λ230)
= s(A + B) + Aλ230 + Bλ234

(s + λ234)(s + λ230)
(I.23)

From (I.23) we can derive following equations for A and B:

A + B = 0 (I.24)

Aλ230 + Bλ234 = λ230(f234)0 (I.25)

By dividing (I.25) by λ234 and substracting (I.24) it follows:

A(λ230

λ234
− 1) = λ230

λ234
(f234)0 (I.26)

A(λ230 − λ234

λ234
) = λ230

λ234
(f234)0 (I.27)

A = λ230

λ230 − λ234
(f234)0 (I.28)

B = − λ230

λ230 − λ234
(f234)0 (I.29)

Filling in (I.28) and (I.29) in (I.21) and substituting in (I.20) gives:

f230 = L−1{(f230)0
1

(s + λ230)
+ λ230

λ230 − λ234
(f234)0(

1
(s + λ234)

− 1
(s + λ230)

)} (I.30)

Solving for the inverse laplace transform gives:

f230 = (f230)0e
−λ230t + λ230

λ230 − λ234
(f234)0(e−λ234t − e−λ230t) (I.31)

Rearanging (I.14) gives:

(f234)0 = f234

e−λ234t
(I.32)

Substituting (I.32) in (I.31) then gives:
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f230 = (f230)0e
−λ230t + λ230

λ230 − λ234

f234

e−λ234t
(e−λ234t − e−λ230t) (I.33)

f230 = (f230)0e
−λ230t + λ230

λ230 − λ234

f234

e−λ234t
(e−λ234t − e−λ230t) (I.34)

f230 = (f230)0e
−λ230t + λ230

λ230 − λ234
f234(1 − e(λ234−λ230)t) (I.35)

Filling in (I.1) and (I.3) in (I.35) we get:

[
230Th
238U

] − 1 = ([
230Th
238U

]0 − 1)e−λ230t + λ230

λ230 − λ234

δ234UM

1000
(1 − e(λ234−λ230)t) (I.36)

In case no initial 230Th is present, thus [ 230T h
238U

]0 = 0 the time equation becomes:

[
230Th
238U

] − 1 = −e−λ230t + λ230

λ230 − λ234

δ234UM

1000
(1 − e(λ234−λ230)t) (I.37)

The equation incorporates the disequilibrium of [ 234U
238U

] as observed in natural waters. The
following equation again relates the measured δ234UM to the initial δ234Ui:

δ234UM = δ234Uie
−λ234t (I.38)

The two equations (I.37) and (I.38) can then be solved for the two unknowns: t and
δ234Ui

In the case that initial 230Th is present (as in the case of deep see corals) then [ 230T h
238U

]0 ̸= 0
which we can correct if we know the initial [ 230T h

232T h
]0 and measure the [ 232T h

238U
]:

[
230Th
238U

]0 = [
232Th
238U

][
230Th
232Th

]0 (I.39)

Substitution in (I.36) then gives:

[
230Th
238U

] − 1 = ([
232Th
238U

][
230Th
232U

]0 − 1)e−λ230t + λ230

λ230 − λ234

δ234UM

1000
(1 − e(λ234−λ230)t) (I.40)

[
230Th
238U

] − [
232Th
238U

][
230Th
232U

]0e−λ230t − 1 = −e−λ230t + λ230

λ230 − λ234

δ234UM

1000
(1 − e(λ234−λ230)t)

(I.41)
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