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Introduction

Although Holocene climate oscillations are small compared to the glacial and deglacial variability, their study reveals key processes controlling the natural variability of the present warm interglacial climate, which could be useful in evaluating the role of this variability in the future climate. Variations in North Atlantic Ocean surface and mid-depth circulations are controlled by the subtropical and subpolar gyres and have a significant influence on the properties of water entering the Nordic Seas by redistributing heat and freshwater. However, the Holocene variability of these North Atlantic surface and mid-depth circulations, and their link to deep water formation and atmospheric forcing, are poorly documented.

The Holocene subpolar North Atlantic climate is characterized by an early to mid-Holocene "thermal maximum" followed by progressive cooling induced by decreased insolation forcing (related to orbital precession) (e.g. [START_REF] Marchal | Apparent long-term cooling of the sea surface in the northeast Atlantic and Mediterranean during the Holocene[END_REF][START_REF] Sarnthein | Centennial-to-millennial-scale periodicities of Holocene climate and sediment injections off the western Barents shelf[END_REF]. This climatic cooling reflects a major reorganization of atmospheric and ocean circulation in the North Atlantic (e.g. [START_REF] O'brien | Complexity of Holocene climate as reconstructed from a Greenland ice core[END_REF][START_REF] Came | Amplitude and timing of temperature and salinity variability in the subpolar North Atlantic over the last 10.000 years[END_REF][START_REF] Repschläger | Holocene evolution of the North Atlantic subsurface transport[END_REF]. Data-and model-based reconstructions show a change of source for North Atlantic Deep Water (NADW) production which is associated with both a decline in the production of Iceland-Scotland Overflow Water (ISOW) in the Nordic Seas during the mid-Holocene (e.g. [START_REF] Rasmussen | The Faroe-Shetland Gateway: Late Quaternary water mass exchange between the Nordic seas and the northeastern Atlantic[END_REF][START_REF] Renssen | Contrasting trends in North Atlantic deep-water formation in the Labrador Sea and Nordic Seas during the Holocene[END_REF][START_REF] Kissel | Variations in the strength of the North Atlantic bottom water during Holocene[END_REF][START_REF] Thornalley | Long-term variations in Iceland-Scotland overflow strength during the Holocene[END_REF] and the initiation of Labrador Sea Water (LSW) formation around 7 ka BP [START_REF] Hillaire-Marcel | Absence of deep-water formation in the Labrador Sea during the last interglacial period[END_REF][START_REF] Solignac | Holocene sea-surface conditions in the North Atlantic -contrasted trends and regimes in the western and eastern sectors (Labrador Sea vs. Iceland Basin)[END_REF][START_REF] Hoogakker | Dynamics of North Atlantic Deep Water masses during the Holocene[END_REF][START_REF] Hoogakker | Holocene climate variability in the Labrador Sea[END_REF].

While Holocene variability of the lower branch of the AMOC is relatively well constrained, the variations of the upper limb, which corresponds to s u r f a c e a n d in t e r med ia t e w a t e r ma s s es t r a n s po r t ed n o r t h w a r d by t h e No r t h At l a n t ic g y r e s , are not yet well defined [START_REF] Ayache | Multi-centennial variability of the AMOC over the Holocene: A new reconstruction based on multiple proxy-derived SST records[END_REF]. This is due to the complex spatial and temporal variability of the classic sea surface temperature (SST) and sea surface salinity (SSS) proxies used to track past changes in the AMOC, which are strongly influenced by the orbital-induced insolation trend and the disintegration of the residual Laurentide Ice Sheet in the Early Holocene. This leds to a pronounced provincialism in the records for surface physical properties of the North Atlantic (e.g. [START_REF] De Vernal | Provincialism in trends and high frequency changes in the northwest North Atlantic during the Holocene[END_REF][START_REF] Renssen | The spatial and temporal complexity of the Holocene thermal maximum[END_REF][START_REF] Eynaud | Compiling multiproxy quantitative hydrographic data from Holocene marine archives in the North Atlantic: a way to decipher oceanic and climatic dynamics and natural modes?[END_REF]. In addition to the long-term trend, the Holocene is marked by short-term (from centennial to millennial-scales) climate variability which is evidenced in the deep-water circulations (e.g. [START_REF] Bianchi | Holocene periodicity in North Atlantic climate and deep ocean flow south of Iceland[END_REF][START_REF] Kissel | Variations in the strength of the North Atlantic bottom water during Holocene[END_REF] and in various records throughout the North Atlantic realm [START_REF] Bond | A pervasive millennial-scale cycle in the North Atlantic Holocene and glacial climates[END_REF]2001;[START_REF] Debret | The origin of the 1500-year climate cycles in Holocene North-Atlantic records[END_REF]Sorel et al., 2012;[START_REF] Desprat | Deglacial and Holocene vegetation and climatic changes in the southern Central Mediterranean from a direct land-sea correlation[END_REF][START_REF] Smith | North Atlantic forcing of moisture delivery to Europe throughout the Holocene[END_REF].

Observations over the last few decades indicate that the North Atlantic subpolar gyre (SPG) circulation varied both in strength [START_REF] Curry | Ocean gyre circulation changes associated with the North Atlantic Oscillation[END_REF]Häkkinen andRhines, 2004, Zunino et al., 2017) and shape [START_REF] Bersch | North Atlantic Oscillation-induced changes of the upper layer circulation in the northern North Atlantic Ocean[END_REF][START_REF] Hátún | Influence of the Atlantic subpolar gyre on the thermohaline circulation[END_REF][START_REF] Berx | The Sub-Polar Gyre Index-a community data set for application in fisheries and environment research[END_REF]. These changes have played a major role in the redistribution of heat and freshwater from the surface to intermediate depths, thereby influencing the properties of waters entering the Nordic Seas (e.g. Häkkinen et al., 2011). Variations in the SPG strength and shape have been revealed by recent observations (e.g. [START_REF] Flatau | The North Atlantic Oscillation, surface current velocities, and SST changes in the subpolar North Atlantic[END_REF]Häkkinen and Rhines, 2004). Modeling studies also highlight potential rapid changes due to internal advective positive feedback [START_REF] Born | Transport of salt and freshwater in the Atlantic Subpolar Gyre[END_REF]) with a strong impact on climate [START_REF] Sgubin | Abrupt cooling over the North Atlantic in modern climate models[END_REF]). Furthermore, it has been shown that there is a close link between the SPG intensity and winds controlled by the North Atlantic Oscillation (NAO), illustrated by the downturn in the SPG circulation after the mid-1990s due to the shift from a high to low NAO index (Häkkinen and Rhines, 2004;Häkkinen et al., 2011). Over the Holocene, it has been shown that certain climatic anomalies are related to SPG intensity (e.g. [START_REF] Thornalley | Holocene oscillations in temperature and salinity of the surface subpolar North Atlantic[END_REF][START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]Moffa-Sanchez and Hall, 2017). For instance, the warm Medieval Climatic Anomaly has been linked to a greater eastward extension of the SPG in the North Atlantic [START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]Moffa-Sanchez and Hall, 2017). Conversely, the Little Ice Age has been linked to the eastward contraction of the mid-depth SPG [START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]Moffa-Sanchez and Hall, 2017).

Overall, these studies have shown that SPG intensity has undergone millennial-scale changes comprising variations in the heat and salt budgets at intermediate depths, which may have influenced deep-water formation in the Nordic Seas. These millennial oscillations have been associated with a change in the main wind field resembling short-term changes related to NAO fluctuations (e.g. [START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF][START_REF] Wassenburg | Reorganization of the North Atlantic Oscillation during Early Holocene deglaciation[END_REF]Moffa-Sanchez and Hall, 2017;[START_REF] Zunino | The GEOVIDE cruise in May-June 2014 reveals an intense Meridional Overturning Circulation over a cold and fresh subpolar North Atlantic[END_REF] even though the atmospheric pressure gradient controlling the NAO is difficult to assess at periodicities that exceed the instrumental record [START_REF] Ortega | A multi-proxy model-tested North Atlantic Oscillation reconstruction for the last millennium[END_REF]. Reconstructing millennial scale SPG dynamics (strength and position) during the Holocene is thus necessary to provide a more comprehensive picture of the internal oscillations of the ocean and to constrain their link to the North Atlantic deep ocean circulation and climate evolution.

In this study, we have measured the Nd isotopic composition (εNd) and radiocarbon content (∆ 14 C) on precisely U-Th dated cold-water coral (CWC) fragments of L. pertusa and M. oculata, which were collected from a location in the SW Rockall Trough on the eastern edge of the SPG. Upper to mid-depth water mass circulation (above 900 m water depth) in the North Atlantic is characterized by distinct εNd values ranging from -10 for water masses originating from the subtropical Atlantic to -15 for water masses originating from the Labrador Sea [START_REF] Lacan | Subpolar Mode Water formation traced by neodymium isotopic composition[END_REF][START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF][START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]. Therefore, as CWC εNd reflects the ambient seawater εNd [START_REF] Copard | Nd isotopes in deep-sea corals in the North-eastern Atlantic[END_REF][START_REF] Van De Flierdt | Deep-sea corals aragonite as a recorder for the neodymium isotopic composition of seawater[END_REF], analyses of εNd in this archive can be used to establish the origin of the water masses (e.g. [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF][START_REF] Montero-Serrano | The climate influence on the mid-depth Northeast Atlantic gyres viewed by cold-water corals[END_REF], 2013;[START_REF] Wilson | Dynamic intermediate ocean circulation in the North Atlantic during Heinrich Stadial 1: A radiocarbon and neodymium isotope perspective[END_REF]. This has already permitted the tracking of past changes in the intensity of the mid-depth SPG (mid-SPG) in the NE Atlantic at different time scales [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF][START_REF] Montero-Serrano | The climate influence on the mid-depth Northeast Atlantic gyres viewed by cold-water corals[END_REF], 2013). In addition, 14 C/ 12 C measurements of U-Th dated CWC are useful for determining the age of the surrounding intermediate water mass and for reconstructing the ventilation age of the water masses [START_REF] Adkins | Deep-sea coral evidence for rapid change in ventilation of the deep North Atlantic 15.400 years ago[END_REF]. The ventilation age recorded in CWC depends on (i) 14 C of surface water related to atmospheric 14 C through air-sea gas exchange and time of equilibrium between the atmosphere and water masses; (ii) the time that has elapsed since water masses reaching the CWC mounds have become isolated from the atmosphere, and (iii) vertical and horizontal mixing processes involving water masses with different 14 C signatures.

Consequently, the combination of ∆ 14 C and εNd values analyzed on CWC samples from the SW Rockall Trough can produce a unique time series of intermediate water provenance and ventilation in the NE Atlantic.

Material and hydrological settings of the SW Rockall Trough

Cold-water coral samples

The CWC investigated in this study were collected from sediment cores Corals2012-39PC (55.452°N -15.870°W, 742 m water depth; length 413 cm) and Corals2013-18PC (55.523°N -15.644°W, 790 m water depth; length 397 cm) retrieved during the 64PE360-Corals 2012 and 64PE377-Corals 2013 cruises, respectively. In addition, one living sample of L. pertusa was collected with a box corer (M2000-25BX) in the same area in August 2000 (55.542°N -15.6475°W, 773 m water depth) (Table 1 and Fig. 1). The three coring sites are located about 16 km apart on two individual carbonated mounds at the SW Rockall Trough margin (named the Logachev Mounds after the research vessel R/V Prof. Logachev) (Fig. 1; Table 1). The sediment cores are composed of biogenic fragments (mainly CWC fragments of M. oculata and L. pertusa) within a carbonate matrix. The base of core Corals2012-39PC (below 385 cm) is composed of a cemented carbonate layer associated with dropstones and volcanic glass, which have been deposited during the last glaciation [START_REF] Bond | Imprint of Holocene climate variability on cold-water coral reef growth at the SW Rockall Trough margin[END_REF]. The hard-ground was not observed in core Corals2013-18PC. Only large and well-preserved specimens of M. oculata and L. pertusa were sampled. In total, 55 samples were analyzed for their Nd isotopic compositions and trace element concentrations (45 samples from core Corals2012-39PC and 10 samples from core Corals2013-18PC). In addition, a subset of 25 CWC samples from core Corals2012-39PC was selected for radiocarbon ( 14 C) analyses.

The chronological framework of the CWC samples investigated in this study is based on U-Th dating performed on the same samples and reported in Table 1 (Bonneau et al., 2018). CWC collected from cores Corals2012-39PC and Corals2013-18PC have been dated to the periods between 0.25±0.01 and 10.75±0.05 ka BP and between 1.29±0.03 and 8.65±0.09 ka BP, respectively (Table 1).

Dating of CWC has revealed continuous growth of CWC throughout the Holocene. The vertical CWC accumulation rates in core Corals2012-39PC, estimated from the relationship between the U-Th age of CWC and its depth within the core, range between ~15 cm ka -1 and ~150 cm ka -1 (mean values of 33 cmka -1 ) [START_REF] Bond | Imprint of Holocene climate variability on cold-water coral reef growth at the SW Rockall Trough margin[END_REF].

Hydrological settings

The cores that are the focus of this study, Corals2012-39PC and Corals2013-18PC, are located in the upper part of the permanent thermocline between a thick, sub-surface water mass and the colder, fresher LSW identified at 1200 m in the SW Rockall Trough [START_REF] White | The importance of the permanent thermocline to the cold water coral carbonate mound distribution in the NE Atlantic[END_REF]. They are influenced by intense near-bottom currents induced by diurnal tidal movement [START_REF] Mohn | Linking benthic hydrodynamics and cold-water coral occurrences: A high-resolution model study at three cold-water coral provinces in the NE Atlantic[END_REF]). These currents are locally important for food particle supply, replenish nutrients and oxygen to the CWC reef, and prevent the corals from being buried beneath sediments [START_REF] Van Haren | High-resolution temperature observations of a trapped non linear diurnal tide influencing cold-water corals on the Logachev mounds[END_REF]. These diurnal oscillations induce movements of the thermocline and have been highlighted by daily temperature variations of up to ~3 °C at the thermocline depth [START_REF] Van Weering | Structure and development of giant carbonate mounds at the SW and SE Rockall Trough margins, NE Atlantic Ocean[END_REF][START_REF] Mienis | Hydrodynamic controls on cold-water coral growth and carbonate-mound development at the SW and SE Rockall Trough Margin, NE Atlantic Ocean[END_REF][START_REF] Mienis | Hydrodynamic controls on cold-water coral growth and carbonate-mound development at the SW and SE Rockall Trough Margin, NE Atlantic Ocean[END_REF][START_REF] Van Haren | High-resolution temperature observations of a trapped non linear diurnal tide influencing cold-water corals on the Logachev mounds[END_REF]. This setting is embedded in the large-scale cyclonic SPG circulation that characterizes the North Atlantic from the surface to at least 700 m water depth [START_REF] Lavender | The mid-depth circulation of the subpolar North Atlantic Ocean as measured by subsurface floats[END_REF]. The basin-scale cyclonic SPG is defined by strong currents along the northern and western boundaries (in the northern Iceland Basin, along the Reykjanes Ridge, and in the Irminger and Labrador Seas) and a meandering North Atlantic Current (NAC) to the south (Fig. 2; [START_REF] Lavender | The mid-depth circulation of the subpolar North Atlantic Ocean as measured by subsurface floats[END_REF]. On the eastern boundary of the basin, the northward flow of the mid-SPG splits, with one branch flowing north into the Iceland Basin, and the other entering the Rockall Trough where an anticyclonic circulation is observed [START_REF] Lavender | The mid-depth circulation of the subpolar North Atlantic Ocean as measured by subsurface floats[END_REF].

The Rockall Trough is marked by strong wintertime mixing of the near-surface layers. This mixing reaches a depth of 500-700 m [START_REF] Holliday | Water mass properties and fluxes in the Rockall Trough, 1975 -1998[END_REF] and up to 1000 m during severe winters [START_REF] New | Aspects of the circulation in the Rockall Trough[END_REF]. The resulting upper-layer water mass is a mixture of saline Eastern North Atlantic Water (ENAW), which is transported poleward along the Western European margin from the Northern Bay of Biscay by the Shelf Edge Current (SEC) [START_REF] Ellett | The hydrography of the Rockall Channel -An overview[END_REF][START_REF] Pollard | Vivaldi 1991 -a study of the formation[END_REF], and the fresher Modified North Atlantic Water (MNAW), which is carried by the North Atlantic Current (NAC) [START_REF] New | Aspects of the circulation in the Rockall Trough[END_REF]. The MNAW is formed by the mixing of the Western North Atlantic Central Water (WNACW), which flows from the Caribbean Sea, with the Sub-Arctic Intermediate Water (SAIW), which is derived from the Labrador Current.

Below the near-surface layer, the warm, saline Mediterranean Sea Water (MSW) propagates northward along the European margin as an eastern boundary undercurrent, typically at depths of 1000-1200 m. [START_REF] Lozier | On the Temporally Varying Northward Penetration of Mediterranean Overflow Water and Eastward Penetration of Labrador Sea Water[END_REF] showed that the northward penetration of the MSW along the eastern boundary of the North Atlantic is characterized by temporal variability in relation to the NAO index and SPG expansion, implying the possibility of short-lived penetration of MSW into the eastern Rockall Trough. The inflow of Labrador Sea Water (LSW) into the Rockall Trough, characterized by a marked salinity minimum, occurs at water depths ranging from 1200 to 1900 m [START_REF] New | Aspects of the circulation in the Rockall Trough[END_REF].

Hence, CWCs collected on the Logachev Mound area are ideally located to track past changes in subpolar and subtropical water masses transported into the Rockall Trough.

Methods

The CWC samples were cleaned following the procedure described by [START_REF] Copard | Nd isotopes in deep-sea corals in the North-eastern Atlantic[END_REF] in order to remove any sources of contamination (sediment, organic matter, Fe-Mn coatings). First, the surface of the CWC skeleton was mechanically cleaned using a diamond-blade saw in order to remove any visible Fe-Mn oxide and hydroxide coatings. The CWC fragments were further cleaned using diluted HCl and a series of ultra-sonic baths. Dried samples were crushed into a homogeneous fraction (coarse sand grain-size) and finally divided into 3 aliquots of ~600 mg, ~50 mg and ~15 mg for Nd isotopic composition, Nd concentration and radiocarbon analyses, respectively.

Neodymium concentration and isotope analysis

Nd concentrations were measured o n c l e a n e d c o r a l s a mpl e s (20-30 mg ), d is s o l v ed in s u pr a -pure 3 N HNO 3 , using a quadruple ICP-MSXseriesII (Thermo FisherScientific) at the Laboratoire des Sciences du Climat et de l'Environnement (LSCE, France) and following the procedure described in [START_REF] Montero-Serrano | Decadal changes in the mid-depth water mass dynamic of the Northeastern Atlantic margin (Bay of Biscay)[END_REF]. Briefly, sample and standard solutions were systematically adjusted at 100 ppm Ca through dilution, without further chemistry. To compensate signal derivation by a few percent during a day, a standard (JCp-1) was run every five samples.

Instrumental bias was taken into consideration by a bracketing technique giving an analytical uncertainty of 5% (2σ) for Nd concentrations.

Nd was purified from c l ea n ed c o r a l s a mpl e s (~600 mg) using Eichrom TRU-Spec and Ln-Spec resins following the detailed analytical procedures described in [START_REF] Copard | Nd isotopes in deep-sea corals in the North-eastern Atlantic[END_REF]. The 143 Nd/ 144 Nd ratios were analyzed using the ThermoScientific Neptune Plus Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS), hosted at the LSCE. The bracketing correction method outlined by Dubois-Dauphin et al ( 2017) was applied. For the Nd isotope analyses, sample and standard concentrations were matched at 4 to 10 ppb. Mass-dependent fractionation was corrected by normalizing 146 Nd/ 144 Nd to 0.7219 and applying an exponential fractionation law. During the analytical sessions, every set of two samples was bracketed by analyses of the La Jolla Nd standard solution, which is characterized by certified values of 0.511858±0.000007 [START_REF] Lugmair | Samarium-146 in the Early Solar System: Evidence from Neodymium in the Allende Meteorite[END_REF]. Th e o f f s et v a l u e be t w ee n r e s u l t s a n d c e r t if ied v a l u e s o f La Jo l l a w a s in f e r io r t o 0.4 εNd u n it s f o r a l l o f t h e a n a l y s e s pr e s e n t ed in t h is s t u d y . The analytical errors reported herein correspond to the external two sigma standard deviation (based on repeat analyses of the La Jolla standard for the different analytical sessions). For a few coral samples the internal two sigma standard deviation is used as it is higher than the external two sigma standard deviation. The analytical errors obtained ranged from 0.2 to 0.5 epsilon units (Table 1). The analytical blank values for Nd were <4 pg, which represents less than 0.1% of the minimum Nd yield from CWC skeletons used in this study. As a result no blank correction was applied.

Radiocarbon dating

Approximately 15 mg samples of clean coral powder were treated with 0.01N HNO 3 for 15 min, rinsed with MilliQ water and dried. Each sample was then converted to CO 2 in a semiautomated carbonate vacuum line [START_REF] Tisnérat-Laborde | Development of a semiautomated system for routine preparation of carbonate sample[END_REF]. The CO 2 was reduced into graphite using hydrogen in the presence of iron powder. Accelerator mass spectrometry (AMS) 14 C dating was performed using the AMS equipment at ARTEMIS (LM14C -Saclay, France, [START_REF] Cottereau | Artemis, the new 14C AMS at LMC14 in Saclay, France[END_REF].

Blanks were obtained on a L. pertusa sample older than 100 000 yrs (U-Th age), and yielded a mean activity of 0.0022 F 14 C (apparent age older than 48 000 yrs). Radiocarbon results are reported as conventional 14 C ages in yr BP and in terms of Δ 14 C defined as the per mil (‰) deviation of a sample's 14 C/ 12 C ratio from that of a 19 th century wood standard after correction of blank, fractionation and correction for decay obtained from U-Th ages (cal yr BP) [START_REF] Stuiver | Discussion reporting of 14 C data[END_REF] (Table 1). The marine reservoir ages (R) were calculated as the offset of the measured 14 C age of coral from contemporaneous atmospheric 14 C age based on IntCal13 [START_REF] Reimer | Intcal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF]. The reservoir offsets (ΔR) were estimated by calculating the difference between the marine radiocarbon age of surface water based on the Marine13 curve and the 14 C age of coral at that same time.

Results

The Nd concentrations obtained for fossil deep-sea corals of both cores, Corals2012-39PC and Corals2013-18PC (L. pertusa and M. oculata), range from 7.1 to 55.0 ppb (Table 1). Such range of Nd concentrations are in accordance with Nd concentrations previously obtained on CWC from the SW Rockall Trough (7.3-184.3 ppb) [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]. [START_REF] Copard | Nd isotopes in deep-sea corals in the North-eastern Atlantic[END_REF] have shown that such Nd concentration ranges are not linked to the presence of Nd contamination from manganese-oxide and iron hydroxide coatings. [START_REF] Struve | Neodymium Isotopes and Concentrations in Aragonitic Scleractinian Cold-Water Coral Skeletons -Modern Calibration and Evaluation of Palaeo-Applications[END_REF] have recently suggested that authigenic phosphate phases (hypothesized apatites) could be important carriers of skeletal Nd in cleaned CWC. This could explain the large range of Nd concentrations observed on the aragonite skeleton.

One living sample of L. pertusa collected in box core M2000-25BX in August 2000 provides an εNd of -13.6±0.4 (Table 1), which is indistinguishable from ambient seawater εNd of -13.5±0.2 [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]Fig. 2a). This finding confirms that cleaned CWC skeletons record ambient seawater εNd [START_REF] Copard | Nd isotopes in deep-sea corals in the North-eastern Atlantic[END_REF]van der Flierdt et al., 2010). εNd obtained on L. pertusa and M. oculata collected from Corals2012-39P and Corals2013-18PC range from -12.2±0.3 to -16.6±0.4 (Table 1). The coral εNd records display a decreasing trend (from -13.2±0.2 to -14.9) between 10.7 and 9.1 ka BP. The time interval from 8.8 to 6.8 ka BP is associated with low εNd values (from -14.3±0.5 to -15.4±0.3) and is followed by a progressive increase of the εNd from -15.4±0.3 to -13.3±0.2 during the time interval between 7 and 5 ka BP. One coral sample dated to 8.6 ka BP displays an unradiogenic εNd value of -16.6±0.4. The interval spanning the last 5 ka BP is marked by more radiogenic εNd values ranging from -14.3±0.2 to -12.2±0.3.

Coral εNd values obtained in this study are combined with published data from CWC fragments collected from several carbonate mounds within a limited area of the SW Rockall Trough and at a similar water depth (between 725 and 790 m water depth) [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF] (Fig. 2). This new dataset, presented in Figure 3, is composed of 100 coral εNd values spanning the last 11 ka. The new results reproduce the variability observed in the previous coral εNd record [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF], thus confirming the large-scale character of Nd isotope changes in the SW Rockall Trough. The new data imply a roughly twofold increase of time resolution compared to existing Holocene coral εNd data from the Rockall Trough. Nevertheless, the time resolution is variable throughout the Holocene, with lower resolution before 6 ka BP due to marked changes in CWC abundance at the SW Rockall Trough margin [START_REF] Bond | Imprint of Holocene climate variability on cold-water coral reef growth at the SW Rockall Trough margin[END_REF]. The Early Holocene (between 8.8 and 6.8 ka BP) stands out as period with unradiogenic εNd values. Our new CWC εNd stack confirms a mid-Holocene transition from subpolar to subtropical Nd isotopic signatures [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF], but shows that this transition was rather smooth (lasted ~1.5 ka) and started just after 7 ka BP.

Superimposed on this long-term trend, millennial variations in the coral εNd of up to 2.5 epsilon units can be identified, especially during the Late Holocene (Fig. 3).

The Δ 14 C results obtained from CWC in this study (Table 1) plotted against U-Th dates, are compared with the IntCal13 and Marine13 Δ 14 C calibration curves [START_REF] Reimer | Intcal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF] from 0 to 10.1 ka BP and range from -72±4 ‰ to +70±9 ‰ (Fig. 3). The decrease of CWC-derived Δ 14 C observed between the Early and Late Holocene is consistent with the Marine13 curve and is mainly linked to the decrease of atmospheric Δ 14 C. Most of the CWC-derived Δ 14 C values match the Marine13 Δ 14 C calibration curve.

Eight CWC-derived Δ 14 C values differ from the Marine13 calibration curve. These differences are significant at 2 sigma according to the Chi-square test at a 95% significance level. One sample (CWC sample from core Corals2012-39PC at 137.5 cm) yielded a higher ∆ 14 C value at 3.67 ka BP (-1.6 ± 5‰), which corresponds to an enrichment of 20 ‰ compared to the Marine13 curve at this time (-21.5 ± 3.2 ‰). Seven CWC samples (CWC samples from core Corals2012-39PC at 38. 5, 87.5, 109.5, 120.5, 169.5, 227.5 and 241.5 cm), whose respective ages are centered at 6.1, 4.4, 2.7, 2 and 0.7-1 ka BP, are characterized by ∆ 14 C values that are lower than the Marine13 Δ 14 C calibration curve (red arrows in figure 3). In two cases, at about 6.1 ka and 2.7 ka BP, two CWC samples, results confirm this decreasing trend in ∆ 14 C. The lower ∆ 14 C (Fig. 3) values correspond to an older 14 C age for water and thus reflect an increase in the marine reservoir age, which reaches up to 519±35 years (Table 1). The marine reservoir ages of these seven CWC samples are characterized by a mean value of 475 years (n=7), which is higher than the mean reservoir age obtained on the other CWC samples investigated in core Corals2012-39PC (367 years; n=18).

Discussion

Oceanographic controls on Rockall Trough seawater εNd

Two recent studies have provided new insights into the signature of the seawater Nd isotopic composition in the eastern [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF] and western [START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF] North Atlantic. Seawater εNd is found to be homogeneous (between -14 and -15) throughout the SPG for the upper 1500 m water depth, suggesting a similar origin for the surface to intermediate subpolar waters [START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF][START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]. Likewise, the upper 1500 m of the Rockall Trough water column are characterized by homogenous Nd isotopic compositions (from -14.0±0.2 to -13.3±0.2; Dubois-Dauphin et al., 2017) (Fig. 2b). Thus, subsurface to intermediate water masses are largely indistinguishable on the basis of their Nd isotope characteristics. Nevertheless, when compared to εNd values for the SPG, those from the Rockall Trough seem to be influenced by a more radiogenic end-member (Fig. 2b). Recent results obtained by [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF] along a North-South transect at 25°W, spanning the SPG and sub-tropical gyre (STG) interface, highlight that water masses carried by the NAC from the surface to ~900 m water depth have an unradiogenic Nd isotopic signature (from -15.1±0.3 to -13.8±0.3; [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]. This implies that MNACW εNd is strongly influenced by SAIW originating from the Labrador Sea, with dissolved Nd concentrations that are twice those of WNACW in the western STG [START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF]. Consequently, this indicate that coral εNd record of the SW Rockall Trough cannot be interpreted by a modification of proportions of water masses from SPG and STG waters transported in the NAC as it was proposed by [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF]. The more radiogenic end-member εNd observed in the Rockall Trough can be only due to the contribution of the radiogenic NEAW which is transported northward by the SEC (εNd signature of -11.3±0.4 in the Bay of Biscay, 1σ, n=6; [START_REF] Rickli | The hafnium-neodymium isotopic composition of Atlantic seawater[END_REF][START_REF] Copard | Nd isotopic composition of water masses and dilution of the Mediterranean outflow along South-West European margin[END_REF]. In addition, at greater water depth (around 950 m), the radiogenic MSW (εNd around -10. 6±0.3;[START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF] is also carried northward along the western European margin to the Porcupine Seabight [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]. The presence of MSW in the Eastern Rockall Trough has been shown to respond to the dynamics of the mid-SPG, such that mid-SPG contraction induces northward penetration of MSW [START_REF] Lozier | On the Temporally Varying Northward Penetration of Mediterranean Overflow Water and Eastward Penetration of Labrador Sea Water[END_REF]. Hence, by vertical mixing and recirculation [START_REF] Holliday | Water mass properties and fluxes in the Rockall Trough, 1975 -1998[END_REF][START_REF] Lavender | The mid-depth circulation of the subpolar North Atlantic Ocean as measured by subsurface floats[END_REF] the MSW could also induce a more radiogenic εNd signature to intermediate water masses of the Rockall Trough.

In summary, εNd values of intermediate waters at the SW Rockall Trough result mainly from the mixing of unradiogenic MNACW (εNd from -15.1±0.3 to -13.8±0.3), which was carried by the NAC, and radiogenic ENAW (εNd ≈ -11.3) and MSW (-10.6±0.3), which propagated northward along the European margin. Consequently, mid-depth coral εNd records from the SW Rockall Trough can be linked to the spatial evolution of the interface between the mid-SPG waters and the ENAW/MSW carried northward by the European slope current. An eastward expansion (westward contraction) of the mid-SPG will induce a decrease (increase) in the relative proportion of the ENAW/MSW resulting in unradiogenic (radiogenic) Nd isotopic signatures for intermediate water masses in the Rockall Trough.

The reorganization of mid-depth circulation in the North Atlantic during the Holocene

The coral εNd record for the SW Rockall Trough displays significant variations, ranging from -12.2±0.3 to -16.6±0.4, over the Holocene, marked by a shift towards less mid-SPG influence between 7 and 5 ka and punctuated by abrupt events. [START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF] suggested that increased detrital input from the Laurentide Ice Sheet in the Early Holocene [START_REF] Kurzweil | Authigenic Pb isotopes from the Laurentian Fan: changes in chemical weathering and patterns of North American freshwater runoff during the last deglaciation[END_REF] induced a modification of the εNd of deep-water masses of the North Atlantic, which is well marked in cores located at water depths greater than about 2500 m. Holocene seawater εNd records for the intermediate water of the Labrador Sea are not available but we cannot rule out the possibility that the εNd of the SPG had also been modified at the beginning of the Holocene. Nevertheless, variations in the coral εNd of the SW Rockall Trough cannot be explained solely by changes in the Nd isotopic composition of the water masses induced by lithogenic input from the Laurentide Ice Sheet for several main reasons. First, whereas melting of the Laurentide Ice Sheet was greater in the early Holocene than during the mid-Holocene, CWC εNd from the SW Rockall Trough is slightly more radiogenic in the early Holocene than the mid-Holocene (time interval from 8.8 to 6.8 ka BP). Second, observations of unradiogenic εNd from the early Holocene occur mainly at abyssal depths (around 4500 m, [START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF], and are less clear at depths corresponding to NADW. Radiocarbon results suggest fairly well-ventilated water (predominantly thermocline down to modern LSW) and hence indicate little influence from abyssal (∆ 14 C depleted) waters at our site. The variability we observe in coral εNd is thus much more likely to be related to changes in the upper water column which, according to [START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF], does not seem to be as affected by this detrital input. Third, late Holocene variations in coral εNd are of a similar magnitude (up to 2.5 epsilon units) as the early/middle Holocene, but these late Holocene variations cannot be explained by lithogenic input because the final demise of the Laurentide Ice Sheet occurred earlier (around 6.8 ka, [START_REF] Carlson | Rapid Early Holocene deglaciation of the Laurentide ice sheet[END_REF]. Finally, the studied site is located on the eastern edge of the SPG implying marked variations in the relative proportion of water masses from the SPG flowing into the SW Rockall Trough.

Therefore, based on the assumption that the sources of Nd for the water masses are constant throughout the Holocene (i.e. taking into account the εNd and salinity of pure end-member mid-depth waters from the SPG and STG), it is possible to estimate a salinity range at mid-depth of about 1 PSU (from 35.0 to 36.0). This is in agreement with the range of Holocene sub-thermocline salinity estimated from coupled Mg/Ca-δ 18 O measurements obtained for planktic foraminifera from the South Iceland Rise by [START_REF] Thornalley | Holocene oscillations in temperature and salinity of the surface subpolar North Atlantic[END_REF]. Assuming constant εNd end-members for the middepth SPG (-15) and STG (-11), we can estimate that the contribution of the SPG to the Rockall Trough intermediate waters varied from around 20% (80% STG) to 100% (no influence of the STG) over the last 11 ka. Our results confirm that the Early Holocene, between 8.8 and 6.8 ka BP, was marked by an eastward expansion of the mid-SPG, compared to present-day conditions, in agreement with [START_REF] Thornalley | Holocene oscillations in temperature and salinity of the surface subpolar North Atlantic[END_REF] (Fig. 4c). In addition, planktonic faunal assemblages (such as G. inflata % reported in Fig. 4d) and oxygen stable isotopic records obtained on cores located in the surroundings of the Faroe Islands suggest an eastward expansion of the NAC and reduced contributions of warm saline waters from the STG t o t h e No r d ic Se a from 8 to 6 ka BP (Staines-Urias et al., 2013). These results suggest that, between 8 and 6 ka BP, the upper layer of the NE Atlantic was characterized by cold, fresh water implying an eastward extension of the SPG, which, at mid-depth, is consistent with the high contribution of water originating from the mid-SPG estimated on the basis of CWC εNd in the SW Rockall Trough.

Most of the Δ 14 C values for CWC from the SW Rockall Trough are similar to those of the Marine13 Δ 14 C calibration curve indicating that the water surrounding the corals remained relatively well ventilated, particularly before 6 ka BP (Fig. 3). The Li/Mg temperature record of the mid-depth waters obtained by [START_REF] Bond | Imprint of Holocene climate variability on cold-water coral reef growth at the SW Rockall Trough margin[END_REF] on the same CWC samples as those investigated in this study is reported in the Figure 3 with a view to comparing it to εNd and Δ 14 C records (Fig. 3). Whilst the εNd record indicated large-amplitude changes in the water mass origin, Li/Mg reconstructed temperatures exhibit relatively low variability (from 7 to 9°C) during the Holocene (about 2°C). This may imply that winter convection was at least as deep as it is now (between 500 to 1000 m water depth; [START_REF] Holliday | Water mass properties and fluxes in the Rockall Trough, 1975 -1998[END_REF][START_REF] New | Aspects of the circulation in the Rockall Trough[END_REF] without drastic changes in the vertical temperature distribution. Nevertheless, the slightly lower Li/Mg temperature (7.0±0.9 to 7.9±0.9 °C) observed in the Early Holocene (before 6 ka BP), compared to the Late Holocene (7.4±0.9 to 8.8±0.9 °C) [START_REF] Bond | Imprint of Holocene climate variability on cold-water coral reef growth at the SW Rockall Trough margin[END_REF], may be compatible with a greater proportion of colder SAIW [START_REF] Pollard | Vivaldi 1991 -a study of the formation[END_REF] as is observed in the CWC εNd record for the SW Rockall Trough.

Implications of the mid-Holocene long-term variations in SPG intensity on ISOW formation and on εNd of the deep-ocean

Only a handful of studies have addressed the evolution of the deep-limb of the AMOC in the subpolar North Atlantic during the Holocene (e.g. [START_REF] Bianchi | Holocene periodicity in North Atlantic climate and deep ocean flow south of Iceland[END_REF][START_REF] Praetorius | Episodic reductions in bottom-water currents since the last ice age[END_REF][START_REF] Kissel | Variations in the strength of the North Atlantic bottom water during Holocene[END_REF][START_REF] Thornalley | Long-term variations in Iceland-Scotland overflow strength during the Holocene[END_REF][START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF][START_REF] Ayache | Multi-centennial variability of the AMOC over the Holocene: A new reconstruction based on multiple proxy-derived SST records[END_REF]. These studies have identified several short-term variations in the intensity of North Atlantic deep-water, with amplitude and timing depending greatly on the region investigated and the proxies used. [START_REF] Thornalley | Long-term variations in Iceland-Scotland overflow strength during the Holocene[END_REF] presented a stacked sortable silt record from the Reykjanes Ridge, which is indicative of the Iceland-Scotland overflow strength during the Holocene. In figure 4b, we present the stacked sortable silt record for comparison with the CWC εNd record (Fig. 4f). Results reveal a decrease in Before ~7 ka BP, water masses originating from the Labrador Sea were advected at lower water depths (Hillaire-Marcel et al., 2013) and may have been linked to the surface and sub-surface layers. These water masses may have entrained unradiogenic Nd isotopic composition from the surface water of the Labrador Sea, which is marked by boundary exchange [START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF]. At intermediate depth (above 1000 m), we suggest that an intense SPG circulation would have brought a greater volume of seawater into contact with the unradiogenic sediments of the Labrador Sea and the Greenland margins [START_REF] Jeandel | Isotopic Nd compositions and concentrations of the lithogenic inputs into the ocean: A compilation. with an emphasis on the margins[END_REF]. Thus, it is possible that such an intensification of SPG circulation could also have increased the lithogenic Nd input from the boundary exchange. Such increase of lithogenic Nd input needs then to be taken into account in the budget of Nd input to the North Atlantic.

Today, the SPMW and LSW are entrained and mixed with the ISOW within the Iceland-Scotland overflow. This entrainment of surrounding waters characterized by unradiogenic εNd values modifies the pure ISOW signature (-8.2±0.6;[START_REF] Lacan | Subpolar Mode Water formation traced by neodymium isotopic composition[END_REF] to a value of -10.5±0.5 after overflowing the Iceland-Faroe ridge [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF]. Based on εNd values and salinity, [START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF] have estimated that ISOW flowing in the Iceland Basin is composed of ~60% pure ISOW and of 40% entrained surrounding waters (LSW εNd= -13.9±0.4;and Modified North Atlantic Water -MNAW εNd= -13.1±0.3;[START_REF] Lacan | Acquisition of the neodymium isotopic composition of the North Atlantic Deep Water[END_REF]. The time interval from 8.8 to 6.8 ka BP is associated with an eastward extension of the mid-depth (CWC εNd of the SW Rockall Trough) and surface SPG (Thornaley at al., 2009;Staines-Uria, 2013). This increased flow of surface and subsurface waters, characterized by unradiogenic Nd isotopic signatures, in the Iceland basin may then have been entrained by an intense ISOW (Thornaley et al., 2013). This thus would have contributed, along with the Nd lithogenic input from detrital material of the Laurentide Ice Sheet [START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF], to the unradiogenic Nd signature observed for the NADW in the Early Holocene in several deep sites of the North Atlantic [START_REF] Roberts | Synchronous Deglacial Overturning and Water Mass Source Changes[END_REF][START_REF] Böhm | Strong and deep Atlantic meridional overturning circulation during the last glacial cycle[END_REF][START_REF] Howe | Abyssal origin for the Early Holocene pulse of unradiogenic neodymium isotopes in Atlantic seawater[END_REF][START_REF] Lippold | Deep water provenance and dynamics of the (de)glacial Atlantic meridional overturning circulation[END_REF]. Further modeling studies of the Nd isotopic composition are required in order to better evaluate the lithogenic Nd inputs to the subpolar water and its impact on the Nd isotopic signature of the North East Atlantic Deep Water (NEADW) during the Early Holocene through the e n t r a in men t o f SPMW d e r iv in g f r o m a n in t e n s if ie d SPG, in t o t h e ISOW.

Millennial scale variations of the mid-SPG

The coral εNd record shows several short periods of eastward extension (low coral εNd values), which occurred approximately every 1500±500 years, centered around 10. 1, 8.6, 5.5, 4.5, 2.5, 1.8 and 0.8 ka BP (Fig. 3). For the Late Holocene, some of these time intervals (centered at 6.1, 4.4, 2.7 and 0.7-1 ka BP) are also associated with ∆ 14 C values that are 14 to 20‰ lower than the Marine13 curve (Fig. 3). These differences, which are statistically significant, correspond to higher marine reservoir ages that are between 430±30 and 519±35 yrs (Table 1). This millennial-scale climate variability during the Holocene was first pointed out by [START_REF] Bond | A pervasive millennial-scale cycle in the North Atlantic Holocene and glacial climates[END_REF]2001) (1470±500-year cycles) and is related to a combination of solar activity (1000 and 2500-year cycles) and AMOC internal variations (1500-year cycles), which are particularly well marked for the last 5 ka [START_REF] Debret | The origin of the 1500-year climate cycles in Holocene North-Atlantic records[END_REF]. This late Holocene time interval is also associated with large variations in the CWC εNd record obtained on the SW Rockall Trough (Figure 3). Several processes may be responsible for the recorded Δ 14 C variability. First, the Δ 14 C variability may also be directly related to the changes in the relative advection of thermocline water from the SPG (i.e. SAIW) and STG. Modern observations (pre-industrial 14 C estimates in GLODAP v1.1; [START_REF] Key | A global ocean carbon climatology: Results from Global Data Analysis Project (GLODAP)[END_REF] and modeling studies covering the Holocene [START_REF] Franke | Modeling variations of marine reservoir ages during the last 45 000 years[END_REF][START_REF] Butzin | Marine radiocarbon reservoir age simulations for the past 50,000 years[END_REF] indicate the existence of a considerable offset in radiocarbon contents between these sources. The poorly stratified SPG is thoroughly mixed by deep convection resulting in the upper water having a bomb-corrected Δ 14 C of -65‰ [START_REF] Key | A global ocean carbon climatology: Results from Global Data Analysis Project (GLODAP)[END_REF] and reservoir ages of around 550 14 C years [START_REF] Butzin | Marine radiocarbon reservoir age simulations for the past 50,000 years[END_REF], which is slightly depleted/older with respect to modern global surface ocean (-58‰ and 470 14 C years of Marine13; [START_REF] Reimer | Intcal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF]. In contrast, the stratified thermocline water in the STG is well equilibrated to the atmosphere, with modern surface Δ 14 C of -45‰ [START_REF] Key | A global ocean carbon climatology: Results from Global Data Analysis Project (GLODAP)[END_REF] and reservoir ages of 300 14 C years [START_REF] Butzin | Marine radiocarbon reservoir age simulations for the past 50,000 years[END_REF] which is less depleted/younger than the average modern surface ocean (Marine13; [START_REF] Reimer | Intcal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF]. Furthermore, in the modern ocean the anomalous 14 C enriched water from the upper STG is observed to follow the NAC towards the European Margin and the Rockall Trough [START_REF] Key | A global ocean carbon climatology: Results from Global Data Analysis Project (GLODAP)[END_REF]. The variability of Δ 14 C relative to the Marine13 curve observed in Rockall Trough coral record is of a similar magnitude as the offset between the gyres and thus may simply be caused by changes in the relative advection of STG and SPG thermocline waters as indicated by the coeval εNd excursions (Fig. 3). Analogous radiocarbon variability related to dynamic changes in the STG influence has also been recorded in several shallower records downstream from the Rockall Trough [START_REF] Ascough | North Atlantic marine 14 C reservoir effects: Implications for Late-Holocene chronological studies[END_REF][START_REF] Eiríksson | Coupling of palaeoceanographic shifts and changes in marine reservoir ages off North Iceland through the last millennium[END_REF]Wanamaker Jr et al., 2012).

However, given the position of the corals near the base of the modern mixed layer [START_REF] Holliday | Water mass properties and fluxes in the Rockall Trough, 1975 -1998[END_REF][START_REF] New | Aspects of the circulation in the Rockall Trough[END_REF], local variability in the mixed layer depth throughout the Late Holocene may have driven the observed variability in radiocarbon contents. Over the last decades, mixed layer depth has varied significantly in the Rockall Trough region and appears to be principally forced by the position of the NAC and hence the extent of the SPG [START_REF] Carton | Variability of the Oceanic Mixed Layer, 1960-2004[END_REF]. Wade et al. (1997) proposed that the SAIW, which is characterized by low salinity and temperatures (4°C -7°C, 34.7-34.9 PSU, [START_REF] Pollard | Vivaldi 1991 -a study of the formation[END_REF] underneath the Central Water, plays an important role in the stability of the NE Atlantic water column. They demonstrated that the presence of relatively 'pure' SAIW in the NE Atlantic prevents deep winter mixing due to enhanced stratification. In contrast, the absence of a well-defined SAIW layer induces a weaker density gradient allowing deep winter convection [START_REF] Ellett | The hydrography of the Rockall Channel -An overview[END_REF][START_REF] Holliday | Water mass properties and fluxes in the Rockall Trough, 1975 -1998[END_REF]. As such, the incursion of SAIW in the Rockall Trough during the Late Holocene episodes of SPG expansion, as indicated by unradiogenic coral εNd, may have shoaled the mixed layer depth. The water masses around the studied CWC can be then isolated from upper waters resulting in the observed Δ 14 C depletion with respect to the surface ocean (Marine13 Δ 14 C calibration curve; [START_REF] Reimer | Intcal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF]. Finally, the observed radiocarbon variability may also have originated from perturbations of the convection processes in the Labrador Sea. Between 1885 and 1950 AD, ∆ 14 C fluctuations of 10‰ to 18‰ occurred in the surface of the NE Atlantic Ocean [START_REF] Tisnérat-Laborde | Variability of the northeast Atlantic sea surface ∆ 14 C and marine reservoir age and the North Atlantic Oscillation (NAO)[END_REF]. They may have originated in the Labrador Sea through the increased vertical convection and formation of SPMW due to reinforced wind strengths in the high latitudes of the North Atlantic, as suggested by [START_REF] Reverdin | Decadal variability of hydrography in the upper northern North Atlantic in 1948-1990[END_REF] for SSS anomalies. The surface freshwater intrusion in the Labrador Sea inhibits deep convection as was observed during the great salinity anomaly in the 1960s [START_REF] Reverdin | Decadal variability of hydrography in the upper northern North Atlantic in 1948-1990[END_REF][START_REF] Swingedouw | Bidecadal North Atlantic ocean circulation variability controlled by timing of volcanic eruptions[END_REF]. The demise of the Laurentide Ice Sheet ended at around 6.8 ka BP, but several meltwater peaks are identified during the Late Holocene in the Labrador Sea and are mainly attributed to the melting of the Greenland Ice Sheet (Fig. 4a) [START_REF] Hoogakker | Holocene climate variability in the Labrador Sea[END_REF]. Taking into consideration the error in age models, the δ 18 O seawater curve at Orphan Knoll (Labrador Sea) (Fig. 1) displays several events of SSS increase at about 4.2, 2.4, 1.8, and 1.0 ka BP [START_REF] Hoogakker | Holocene climate variability in the Labrador Sea[END_REF] which correspond to an extension of the SPG (low coral εNd) (Figs. 4a and4f). Such results are consistent with a scenario where less freshwater input by the Eastern Greenland current to the Labrador Sea could be responsible for a millennial perturbation of the LSW formation and SPG circulation (Moffa-Sanchez and Hall, 2017). In this scenario, a decrease in freshwater input to the Labrador Sea would enhance vertical convection resulting in relatively 14 C depleted upper SPG waters (SAIW). Episodes of eastward extension of the SPG (low CWC εNd) may thus be responsible for the advection of more 14 C-depleted SAIW in the SW Rockall Trough during the Late Holocene, in agreement with our radiocarbon results. Further investigations will be necessary to constrain the variability of the reservoir age within the subpolar Atlantic during the Holocene.

In summary, the relatively small Δ 14 C variations recorded in the Rockall Trough do not allow us to distinguish between these potential processes. Nonetheless, all processes highlight the important role of the SPG dynamics which is consistent with the εNd record.

The intervals of eastward extension of the mid-SPG are not systematically correlated to those inferred from SST and SSS reconstructions for surface and sub-surface water masses to the south of Iceland by [START_REF] Thornalley | Holocene oscillations in temperature and salinity of the surface subpolar North Atlantic[END_REF]; exceptions are the Early Holocene event involving the significant eastward extension of SPG (between 9 and 6.8 ka BP) and the short events labeled 0, 1 and 2 in figures 4c and 4f. Whereas SSS only records the evolution of inter-gyre mixing linked to the shape and intensity of the SPG, the mid-depth εNd record also tracks the northward intrusion of the ENAW by boundary current along the European margin. Nevertheless, both records are highly sensitive to the shape and intensity of the SPG but they do not strictly match each other. According to Miettinen et al. (2012) a regional SST see-saw exists between the Norwegian Sea and the subpolar North Atlantic and is clearly identified for the LIA -MWP climate periods. This was associated with a marked rerouting of the eastern and western branches of the surface limb of the AMOC (NAC) in the NE Atlantic [START_REF] Miettinen | Multicentennial variability of the sea surface temperature gradient across the subpolar North Atlantic over the last 2.8 kyr[END_REF] giving rise to SST and SSS records which are not synchronous.

Nevertheless, the lack of regional synchronicity for short events, especially when they are derived from SST records, has been pointed out in many studies (e.g. [START_REF] Larsen | Asynchronous Little Ice Age glacier fluctuations in Iceland and European Alps linked to shifts in subpolar North Atlantic circulation[END_REF] and could be linked to characteristics of the NAO itself [START_REF] Miettinen | Multicentennial variability of the sea surface temperature gradient across the subpolar North Atlantic over the last 2.8 kyr[END_REF].

The time interval from 1 to 0.68 ka BP, which is marked by a strong eastward extension of the SPG, has been associated with the warm Medieval Climatic Anomaly and a subsequent intensification of the surface limb of the AMOC [START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF][START_REF] Wanamaker | Surface changes in the North Atlantic meridional overturning circulation during the last millennium[END_REF][START_REF] Ortega | A multi-proxy model-tested North Atlantic Oscillation reconstruction for the last millennium[END_REF] (Fig. 4). The westward contraction of the weak SPG observed thereafter (between 0.68 and 0.2 ka BP) is coeval with the cold period of the Little Ice Age and may be linked to reduced AMOC intensity. Furthermore, compared to the εNd values of CWC dated between 90 and 800 yrs BP (-12.8 on average; n=19), the unradiogenic εNd of modern CWC (dated to the last 50 years; -13.6 on average, n=15) as well as that of seawater (Fig 2a) (-13.5 at 700 m in the Rockall Trough;[START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF] suggest a greater extension of the mid-SPG during the last century (labeled as event 0 in Figure 4f). This could be associated with global warming induced by considerable anthropogenic greenhouse gas emissions and is consistent with an enhanced heat and salinity flux to the Arctic Ocean supplied by the NAC [START_REF] Spielhagen | Enhanced modern heat transfer to the Arctic by warm Atlantic Water[END_REF]. The new εNd value record indicates several other periods of major eastward extension of the SPG suggesting a strong millennial variability in the intensity of the surface limb of the AMOC (Fig. 4f). The time interval between 2.1 and 1.7 ka BP is characterized by unradiogenic εNd values (-14.1±0.3) and corresponds to a warm period in Europe known as the Roman Warm Period [START_REF] Moffa-Sánchez | North Atlantic variability and its links to European climate over the last 3000 years[END_REF]. The cold periods corresponding to the Dark Ages Cold Period, between 1.2 and 1.7 ka BP, are associated with more radiogenic εNd values (-12.4 to -13.4). The climatic history of Northern Europe before the Roman Warm Period is less clear but the NE Atlantic region did witness a cold event at 2.8-3.5 ka BP [START_REF] Mayewski | Holocene climate variability[END_REF][START_REF] Moffa-Sánchez | North Atlantic variability and its links to European climate over the last 3000 years[END_REF], which is also associated with radiogenic εNd values (-11.9). This extends the chronological framework of the results previously obtained by [START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF] on CWC of the SW Rockall Trough and confirms that warm intervals in the NE Atlantic region and in surrounding land masses are associated with greater eastward extension of the SPG, suggesting an intensification of the surface limb of the AMOC. We are not able to provide any additional explanation for the origin of this oceanic variability, which may result from atmospheric reorganization. However, unlike the large-scale mid-Holocene reorganization that could have induced a northward shift of the westerlies and a greater extension of the SPG between 8.8 and 6.8 ka BP, millennial variability in the intensity and position of the westerlies remains a matter of debate.

Coupling of the mid-SPG dynamics with the low latitudes

The millennial variations in the coral εNd record obtained on the SW Rockall Trough are not well correlated with other SST and SSS records for the NE Atlantic. However, the εNd data correspond to SST variations observed at ODP site 658 in the eastern subtropical Atlantic off the coast of Mauritania (deMenocal et al., 2000) (Fig. 4e). In addition to the mid-Holocene transition observed in both records, the decrease in the coral εNd values suggests a greater eastward extension of the mid-SPG, which is associated with a decrease of the SST at ODP site 658. Hydrographically, these cold SST events could be linked either to an intensification of the Canary Current carrying cold waters southwards along the western European margin or to an increase in regional upwelling [START_REF] Demenocal | Coherent high-and low-latitude climate variability during the Holocene Warm Period[END_REF]. This link between the high latitude climate and the variations of SST and SSS in the Canary Current has been found as a fingerprint of freshwater release around Greenland in so-called hosing experiments [START_REF] Swingedouw | Decadal fingerprints of fresh water discharge around Greenland in a multimodels ensemble[END_REF]. This teleconnection is described as being related to the ocean circulation, the Canary Current being described as a freshwater leakage for low SSS from the SPG to the STG. This link is generally consistent with the teleconnection between North African and Northern Europe climates (e.g., [START_REF] Wassenburg | Reorganization of the North Atlantic Oscillation during Early Holocene deglaciation[END_REF]. Cold events centered at 0.4, 0.8 and 2.6-3.3 ka BP for ODP Site 658 have been also observed in core OC437-7 24GGC located in a northern position in the Eastern Tropical Atlantic [START_REF] Morley | Ocean-atmosphere climate shift during the mid-tolate Holocene transition[END_REF]. These events are associated with a slight decrease in salinity, suggesting that this is not a regional process and may reflect a greater southward heat transfer from high to low latitudes. Thus, we can infer from this correlation between coral εNd values and low latitude SST records that time intervals of intensified mid-SPG and AMOC might correspond to a decrease in the latitudinal thermal gradient in the North Atlantic. This would have led to a major atmospheric reorganization during the mid-Holocene, with a northward shift of the Hadley cell circulation and of the Inter Tropical Convergence Zone (ITCZ), as suggested by modeling studies [START_REF] Swingedouw | Impact of freshwater release in the north Atlantic under different climate conditions in an OAGCM[END_REF][START_REF] Marshall | The ocean's role in setting the mean position of the Inter-Tropical Convergence Zone[END_REF].

Conclusions

In this paper, we have analyzed the radiocarbon content and the Nd isotope composition of precisely U-Th dated fragments of L. pertusa and M. oculata collected from the SW Rockall Trough margin. These have been combined with previous results for the same region in order to characterize mid-SPG dynamics and their potential impacts on NADW formation and climate in Northern Europe.

The coral εNd record exhibits pronounced variability, ranging from -12.2±0.3 to -16.6±0.4, and tracks the position of the mid-SPG through time. As such, our new record reflects mixing of waters from the SPG (-15) and from the sub-tropical Atlantic (-11) (mainly ENAW and MSW).

The time interval from 8.8 to 6.8 ka BP, which corresponds to the so-called Holocene thermal maximum, has been linked to a greater eastward extension of the mid-SPG and a stronger AMOC. This time interval was followed by a progressive contraction of the SPG between 7 and 5 ka BP. This contraction was associated with a re-organization of thermohaline circulation and a progressive decline in the production of the ISOW in the Nordic Seas during the mid-Holocene and the initiation of LSW formation around 7 ka BP. After 5 ka BP, the CWC εNd value record displays millennial scale variability with a greater eastward extension of the mid-SPG centered at 4.4, 2.5, 1.8 and 0.8 ka BP, corresponding to the warm periods over northern Europe (such as the Medieval Climatic Anomaly and the Roman Warm Period) and coinciding with an intensification of the AMOC. Radiocarbon results show minor ∆ 14 C depletion (high reservoir ages) around 6.1, 4.4, 2.7, 2 and 0.7-1 ka BP. These fluctuations, associated with a decrease of the εNd values, may result either from local variability of the mixed layer depth or may be advected from the SPG where deep convection gives rise to relatively ∆ 14 C depleted thermocline waters.

We suggest that the Early Holocene active state of the SPG intensity could be linked to an entrainment of unradiogenic intermediate water masses originating from the SPG in the northern deep-waters during its overflows from the Nordic Seas. This entrainment could have contributed to the unradiogenic Nd isotopic signature observed for the NADW in the North Atlantic. Further modeling experiments will be necessary to evaluate the impact of this process on the Nd isotopic signature of the deep-water masses of the North Atlantic Ocean.

Overall, we propose that the εNd record for the SW Rockall Trough is a reliable record of SPG extension in the NE Atlantic, independent of the intensity of the inter-gyre mixing. We have identified a correspondence between mid-SPG extension, AMOC intensity and climate in Northern Europe that needs to be further explored. [START_REF] Copard | Nd isotopic composition of water masses and dilution of the Mediterranean outflow along South-West European margin[END_REF][START_REF] Dubois-Dauphin | Fingerprinting Northeast Atlantic water masses using Neodymium isotopes[END_REF][START_REF] Lambelet | Neodymium isotopic composition and concentration in the western North Atlantic Ocean: Results from the GEOTRACES GA02 section[END_REF] as well as a schematic representation of the circulation at 750 m. The salinity distribution at 750 m of water depth has been also reported. The red star indicates the position of the studied sites (locations of cores Corals2012-39PC and Corals2013-18PC). [START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]. Positions of cores have been reported in the Figure 1. Drift. This stacked data of sortable silt (SS) represents the relative strength of the Iceland-Scotland overflow (ISOW) [START_REF] Thornalley | Long-term variations in Iceland-Scotland overflow strength during the Holocene[END_REF]. Higher values for the SS mean size represent an increase in the velocity of the ISOW (e.g. [START_REF] Bianchi | Holocene periodicity in North Atlantic climate and deep ocean flow south of Iceland[END_REF][START_REF] Thornalley | Long-term variations in Iceland-Scotland overflow strength during the Holocene[END_REF] anomaly (°C) obtained on ODP site 658 located off Cap Blanc (Mauritania) [START_REF] Demenocal | Coherent high-and low-latitude climate variability during the Holocene Warm Period[END_REF]. Table 1: [START_REF] Jacobsen | Sm-Nd isotopic evolution of chondrites[END_REF]. 

Complete names of water mass accronyms have been provided in

Tables caption:

Table 1

  Iceland-Scotland Overflow Water (ISOW) strength during the Mid-to Late Holocene, with maximum Iceland-Scotland overflow strength occurring at ∼7 ka; this maximum corresponds to low CWC εNd values in the SW Rockall Trough. This suggests a link between the position of the mid-SPG and the strength of the Iceland-Scotland overflow, which forms an important component of the deep branch of the AMOC (Figs. 4b and 4f). In a d d it io n , t o o v e r c o me complex spatial and temporal variability of the classic SST and SSS proxies strongly influenced by the orbital-induced insolation trend and the disintegration of the residual Laurentide Ice Sheet in the Early Holocene, Ay a c h e et a l (2018) h a v e e x t r a c t e d s ig n if ic a n t AMOC mo d e v a r ia t io n s ba s e d o n a r e l a t iv e l y l a r g e c o mpil a t io n o f pa l e o -o c ea n SST d a t a (HAMOC d a t a ba s e; Ey n a u d et a l ., 2018) f r o m t h e No r t h At l a n t ic Ba s in . Th e y h a v e id en t if ie d a pe r io d o f e n h a n c e d AMOC mo d e in t h e pe r io d be t w e en 8 a n d 6.5 k a BP, w h ic h is a s s o c ia t ed w it h a g r e a t e r ex t e n s io n o f t h e mid -SPG (l o w c o r a l εNd ). Th is pe r io d o f in t en s if ied AMOC is f o l l o w ed by a g en er a l w ea k e n in g t r e n d f r o m a r o u n d 6-7 k a t o 2 k a , w h ic h is a l s o c o n s is t e n t w it h t h e pr o g r e s s iv e w es t w a r d c o n t r a c t io n a n d w e a k en in g o f t h e mid -SPG o bs e r v ed in t h e Ro c k a l l Tr o u g h a f t e r 7 k a BP.
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 1 Figure captions:

Figure 2 :

 2 Figure 2: a) Potential temperature (°C), salinity and εNd depth profiles for the water station ICE-CTD-03 located in the Rockall Trough and collected in June and July 2012 during the ICE-CTD cruise on board of the R/V Thalassa (Dubois-Dauphin et al., 2017). The water depth of the modern CWC investigated in this study (M2000-25BX) is indicated by a gray horizontal band; b) Maps showing the distribution of the salinity and the seawater εNd in the North Atlantic[START_REF] Copard | Nd isotopic composition of water masses and dilution of the Mediterranean outflow along South-West European margin[END_REF] Dubois- 
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Figure 3 :

 3 Figure 3: a) Comparison of deep-sea coral ∆ 14 C (‰) with the IntCal13 and Marine13 ∆ 14 C (‰) calibration curves. The ∆ 14 C results obtained from CWC in this study are plotted with one item of published data (Frank et al., 2004) against U-Th dates. The uncertainties of ∆ 14 C and of the U-Th ages are plotted as 2σ error ellipses; b) Li/Mg temperature of CWC from cores Corals2012-39PC (black circle) and Corals2013-18PC (open circle) (Bonneau et al., 2018); c) composite record of CWC εNd obtained from studied cores (cores Corals2012-39PC and Corals2013-18PC) and from previous data obtained from cores MD01-2454G and ENAM9915[START_REF] Colin | Neodymium isotopic composition of deep-sea corals from NE Atlantic : implications for past changes of hydrology during the Holocene[END_REF][START_REF] Copard | Late Holocene intermediate water variability in the northeastern Atlantic as recorded by deep-sea corals[END_REF]. Positions

Figure 4 :

 4 Figure 4: Comparison between the composite record of CWC εNd (f) and (a) δ 18 O seawater (‰ SMOW) at Orphan Knoll in the Labrador Sea obtained from δ 18 O and Mg/Ca derived T°C analysed on planktonic foraminifera G. bulloides (cores HU91-045-093 and MD95-2024, 3488 m) (Hoogakker et al., 2015); (b) Stacked data of SS values obtained from several cores located on the South Iceland Rise and Bjorn

  ; (c) Salinity of the sub-thermocline water derived from the measurement of Mg/Ca-δ 18 O on G. inflata in core RAPiD-12-1K located south of Iceland; (d) Relative abundance of G. inflata (%) obtained for cores ENAM33 located east of the Faroe Islands near the Iceland Faroe gap (Staines-Urías et al., 2013); (e) SST

  Position, species and U-Th ages (Bonneau et al., 2018) of the deep-sea coral samples investigated in this study. Results of Nd concentrations, Nd isotopic compositions, 14 C age, ∆ 14 C (‰) and marine reservoir ages of the deep-sea coral samples investigated in this study are also presented. εNd = [( 143 Nd/ 144 Nd) sample /( 143 Nd/ 144 Nd) CHUR -1] *10000, with the present-day ( 143 Nd/ 144 Nd) CHUR value of 0.512638

  main directions of LSW propagation. AAIW, Antarctic Intermediate Water; DSOW, Denmark Strait Overflow Water; ENACW, Eastern North Atlantic Central Water; ISOW, Iceland-Scotland Overflow Water; LDW, Lower Deep Water; LSW, Labrador Sea Water; MSW, Mediterranean Sea Water; NADW, North Atlantic Deep Water; SAIW, Subarctic Intermediate Water; SEC, Shelf Edge Current; WNACW, Western North Atlantic Central Water. Map created with Ocean Data View Software (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2015).
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