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Abstract. Palaeo-oceanographical archives in the Mediterranean Sea indicate the occurrence of Sapropel depositions, which

are characteristic of anoxic bottom conditions and of a stratified sea. The impact of such drastic changes in the thermohaline

circulation of the Mediterranean Sea on the large-scale circulations in the North Atlantic basin is not fully understood. Here

we evaluate the impact of a direct perturbation of the Mediterranean Sea circulation through different idealised simulations

with freshwater release rates of 20, 50, 100, and 200 mSv (1 mSv=103m3/s), using a the IPSL-CM5A-LR global coupled5

atmosphere-ocean model, with simulations up to 1000 years long. The simulations are compared to available data for the

Mediterranean Sea and the North Atlantic. The Neodymium isotopic composition (εNd) anomalies in the North Atlantic are

clearly dependent on the rate of fresh water release in the Mediterranean Sea, and subsequent modification of Atlantic merid-

ional overturning circulation (AMOC) intensity and subpolar gyre (SPG) extension. Based on comparison with seawater εNd

records from Rockall Trough, we suggest that a limited release of freshwater around 50 mSv may be more representative of10

hydrological conditions of the Mediterranean Sea during the Sapropel S1 deposition. Our results indicate that a decrease in

Mediterranean overflow was clearly a factor in the intensification of upper AMOC following the Early Holocene period, when

a large eastward expansion of the subpolar gyre is simulated. Also, eastward expansion of the subpolar gyre due to freshwater

release in the Mediterranean (e.g. Sapropel-like events) and its impact on the εNd signature highlight the fact that the modifica-

tion of ocean circulation in the North Atlantic basin might be more complex than a straightforward change in the AMOC, since15

there may also be a large impact on barotropic circulation. The simulations also produce a significant decrease in the εNd values

of the Iceland-Scotland Overflow Water (between -3.5 and -1.3 εNd unit), which is consistent with changes observed during

the S1 event in the reconstructions. Thus the 3-dimensional changes in baroclinic and barotropic circulations of the ocean, as

reconstructed in some εNd records, are broadly consistent with the sensitivity simulations performed, and might thus be partly

related to changes in Mediterranean overflow, which would have contributed to modification of the Atlantic Ocean circulation20

following a complex 3-dimensional pattern that is detailed in the paper.
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1 Introduction

The Mediterranean Sea is an almost landlocked basin located in a transition zone between subtropical high pressure and

subpolar low pressure in the atmosphere. The hydrodynamics of this basin are controlled by wind forcing, heat and freshwater

fluxes at the surface, North Atlantic water inflow through the Straits of Gibraltar, and the outflow at depth of Mediterranean25

water (e.g., Bryden and Kinder, 1991; Tsimplis and Bryden, 2000; García-Lafuente et al., 2011; Struglia et al., 2004). A

link with the Mediterranean overflow water (MOW), which might impact on the Atlantic Meridional Overturning Circulation

(AMOC), has been proposed (Cacho et al., 1999, 2000, 2001; Bigg and Wadley, 2001; Sierro et al., 2005; Voelker et al.,

2006; Penaud et al., 2011; Ivanovic et al., 2013; Bahr et al., 2015). In particular, it has been suggested that the variations in

the thermohaline circulation of the Mediterranean Sea, and in consequence the intensity of the MOW, could play a significant30

role in the modulation of the AMOC through the injection of saline Mediterranean waters into the intermediate North Atlantic

(Rogerson et al., 2006; Voelker et al., 2006; Khélifi et al., 2009; Swingedouw et al., 2019).

Many palaeo-studies have focused primarily on the rapid climate variability during the last glacial period and have shown

solid evidence for a close connection between changes in North Atlantic hydrography and the climate over the Mediterranean

region (Cacho et al., 1999, 2001; Moreno et al., 2005; Sierro et al., 2005; Frigola et al., 2008; Fletcher and Sánchez Goñi,35

2008). Nevertheless, this link has remained poorly understood for the Holocene period, which witnessed significant changes in

the climate of the North Atlantic and Europe including the Mediterranean area, as recorded by several climatic proxy records

(e.g., O’Brien et al., 1995; Came et al., 2007; Repschläger et al., 2017). The AMOC is believed to have been relatively weak

during the early Holocene, possibly due to remnant ice-sheet melting (McManus et al., 2004; Blaschek and Renssen, 2013;

Ayache et al., 2018), which may have led to reduced northward heat transport and extended sea ice cover (Renssen et al., 2010;40

Roche et al., 2010; Thornalley et al., 2011, 2013). Proxy data have suggested a greater eastward extension of the subpolar gyre

(SPG) during the mid-Holocene period (Thornalley et al., 2009; Staines-Urías et al., 2013; Colin et al., 2010, 2019), coeval

with a maximum strength of the Iceland-Scotland Overflow Water (ISOW), possibly leading to reinforcement of AMOC (Colin

et al., 2019).

The Mediterranean basin is sensitive to rapid climatic changes in the high latitudes of the Northern Hemisphere (Toucanne45

et al., 2015; Rogerson et al., 2010) and African monsoon variability on orbital timescales (Bahr et al., 2015). The African

monsoon was located further north during the early Holocene period leading to the development of vegetation over part of

the present-day Sahara Desert (hypothesis of the Green Sahara, e.g., Rohling et al., 2009; Almogi-Labin et al., 2009; Tierney

et al., 2017), and potentially resulting in a very large increase of freshwater input from the river Nile and other North African

paleo-rivers (e.g., Rossignol-Strick et al., 1982; Rohling et al., 2002). Marine sedimentation in the eastern Mediterranean Sea50

was characterized in the past by the deposition of organic-rich dark layers, called sapropels (Rossignol-Strick et al., 1992).

The youngest sapropel (termed S1) formed between 10.2-6.4 cal kyr BP (Mercone et al., 2000; De Lange et al., 2008) when

anoxic conditions prevailed in the deep Mediterranean Sea, with a reduced oxygen supply to the bottom (De Lange et al.,

2008). Possible explanations for such events are (i) a very stratified sea possibly related to freshwater discharge from rivers

and runoff, mainly from the Nile River toward the Levantine Sea, (ii) an increased abundance of organic matter sinking from55
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surface water induced by an increase of primary productivity, or a combination of processes (i) and (ii) as proposed by: Cramp

and O’Sullivan (1999); Rohling et al. (2015); Rohling (1994); Kallel and Labeyrie (1997); Revel et al. (2010); Bianchi et al.

(2006); Myers et al. (1998); Rohling (1994); Stratford et al. (2000). Sapropel events associated with the release of freshwater

in line with hypothesis (i) may have led to a marked decrease in deep and intermediate water formation feeding the MOW, as

has recently been reconstructed in the Gibraltar Strait (Bahr et al., 2015).60

Many studies have investigated the impact of a drastic change in the MOW on Atlantic thermohaline circulation. Rahmstorf

(1998), using a simple climate model, showed a small decrease in the AMOC when the MOW ceases. Ivanovic et al. (2014),

by changing the salinity of the Mediterranean and the MOW using the HadCM3 climate model, found two opposing responses

in the AMOC, namely an enhancement of the upper limb (first 500 m) and a reduction of its deeper limb by 4 Sv (1 Sv=106

m3/s). This complex response was related to changes in zonal and vertical density fields in response to the disappearance of the65

MOW. New et al. (2001), using a relatively high resolution (1/3◦) ocean-only model, showed a strong decrease in the Azores

current when the MOW was absent. The waters deviated from the North Atlantic drift, through the Azores current, then simply

followed their normal pathway, potentially leading to a larger volume of North Atlantic drift, thus increasing the input of

subtropical water towards the North Atlantic, and impacting upon deep convection there. In a recent study, Swingedouw et al.

(2019), using the IPSL-CM5A-LR model for a number of multi-centennial sensitivity simulations, revealed the complexity of70

AMOC response to changes in MOW. These authors suggest that interpreting the reconstructed water mass changes from a

single depth has to be treated with a degree of caution and that it may be not representative of large-scale AMOC changes

or changes in meridional heat transport, which necessitate an understanding of the changes at different depths and spatial

locations.

To overcome this difficulty, the use of an independent proxy of changes in the water masses is required. Neodymium (Nd)75

isotopic composition (εNd) is particularly useful for gaining a better understanding of the potential link between the MOW and

large-scale Atlantic circulation and water mass modifications. Indeed, with a residence time of 500-1000 years (Tachikawa

et al., 2003; Arsouze et al., 2009; Siddall et al., 2008) and distinct local basin scale sources (Jeandel et al., 2007; Ayache et al.,

2016), Nd isotopes are thought to behave as a quasi-conservative water mass tracer with great potential to fingerprint the prove-

nance of water masses. Furthermore, the upper to mid-depth water mass circulations in the North Atlantic are characterized by80

contrasted Nd isotopic signatures, ranging from -9.4 for Mediterranean Sea Water (MSW) (Greaves et al., 1991; Henry et al.,

1994; Tachikawa et al., 2004; Dubois-Dauphin et al., 2017) and about -10 for water originating from the subtropical Atlantic

(Lambelet et al., 2016), down to -15 for water masses originating from the Labrador Sea (Lacan and Jeandel, 2004a; Lambelet

et al., 2016; Dubois-Dauphin et al., 2017). In the last decade, a growing number of studies have relied on εNd records to trace

the origin of water masses in modern oceanography (Tachikawa et al., 2017; Lacan and Jeandel, 2004c, 2005c; Piepgras and85

Wasserburg, 1983; Spivack and Wasserburg, 1988; Tachikawa et al., 2004), and to draw conclusions about past ocean circula-

tion changes during the Holocene (e.g., Colin et al., 2010; Crocket et al., 2011; Xie et al., 2012; Montero-Serrano et al., 2011;

Copard et al., 2012). This tracer has notably been used to estimate the eastward extension of the SPG in the north-eastern

Atlantic (Colin et al., 2010; Montero-Serrano et al., 2011; Copard et al., 2012; Montero-Serrano et al., 2013; Colin et al., 2019;

Dubois-Dauphin et al., 2019).90
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For the Mediterranean Sea, in the context of sapropel events, εNd in marine sediments and cold-water corals allow us to assess

the origin of the water masses (Scrivner et al., 2004; Revel et al., 2014; Wu et al., 2019; Duhamel et al., 2020). Dubois-Dauphin

et al. (2017) measured εNd data obtained from cold-water corals to the south of Sardinia during the Sapropel S1 deposition and

found a lower εNd during S1, suggesting a significant contribution of intermediate waters originating from the western basin

that could have replaced the Levantine intermediate water (LIW). Using data from the Levantine Sea and the Strait of Sicily95

Cornuault et al. (2018), Wu et al. (2019) and Duhamel et al. (2020) found a marked gradient in εNd values between the Eastern

and the Western Mediterranean basins, with a more radiogenic εNd signature in the Eastern basin during Sapropel events

than at present, and a decrease in εNd values at the Strait of Sicily after the deposition of sapropel S1; this reflects improved

water exchange between both basins which would have led to the modern circulation pattern. Using εNd data from fish debris

and foraminifera Wu et al. (2019) have shown a decoupled circulation between the eastern and western basins during the100

sapropel S1 event, and a stagnation of seawater below 800 m depth in the eastern basin. In addition, Duhamel et al. (2020) have

suggested that radiogenic seawater εNd values observed during African Humid Periods (and sapropel events) are associated with

an intensification of Nile discharge and an increase in the residence time of deep-water masses in the eastern Mediterranean

Sea, which induces an increase in the interaction between deep-water masses and radiogenic sediments along the margin of

the eastern Mediterranean Sea. Vadsaria et al. (2019) performed a set of hosing experiments to perturb the Mediterranean Sea105

thermohaline circulation with an additional freshwater supply from the Nile River, using a high resolution regional coupled

model (LMDz4-NEMO-MED8). They confirmed that an increase in Nile River outflow can trigger the shutdown of eastern

Mediterranean convection and creates favourable conditions for anoxic events.

Our aim here is to investigate the extent to which the observed temporal variation in εNd reflects changes in the thermohaline

circulation of the Mediterranean Sea and to assess its impact on North Atlantic circulation. We evaluate changes in the εNd110

of water masses in the Mediterranean Sea in response to different rates of freshwater release into the basin; these releases

are not meant to be realistic in terms of their scale, but serve as sensitivity experiments (cf. Appendix B, Fig. A1, and Fig.

A2 in appendix). This paper explores the impact of drastic changes in Mediterranean thermohaline circulation on the North

Atlantic Circulation and provides quantitative evidence for the impact of an intensification of the AMOC and of a greater

eastward extension of the SPG on the Nd isotopic distribution in the Atlantic, similar to the situation that prevailed during the115

mid-Holocene period. For this purpose, we evaluate the simulated εNd distribution in a preindustrial simulation from IPSL-

CM5A-LR state-of-the-art climate models. Then we compare simulated εNd distribution with different strengths of MOW

from different freshwater hosings in the Mediterranean, mimicking the possible cause of a sapropel event during the early

Holocene period. The specificity of this study is the use of εNd simulated both in the Mediterranean Sea and in the North

Atlantic basin using the same model this provides a method to better understand the mechanisms that affected the changes in120

the proxy distribution observed in the past period. This limits the problems related to the treatment of boundary conditions,

and the exchange between the North Atlantic and the Mediterranean Sea (cf. Section 2.2). Finally, based on these sensitivity

experiments we argue that MOW changes may explain some of the adjustments in Atlantic circulation, which could be a key

driver of Holocene variability.
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2 Methods125

2.1 The IPSL-CM5A global ocean-atmosphere coupled model

In this study, we use the IPSL-CM5A global ocean-atmosphere coupled model IPSL-CM5A (Dufresne et al., 2013) in its

low-resolution (LR) version as developed for the Coupled Model Inter-comparison Project Phase 5 (CMIP5). The model is

composed of the LMDZ5 atmospheric component (Hourdin et al., 2013) with a 96× 96× 39 (longitude× latitude× altitude)

regular grid, and the NEMOv3.2 oceanic component (Madec and NEMO-Team., 2008) in ORCA2 configuration (non-regular130

grid) with 182 × 149 points on 31 vertical levels. The NEMO model also include the LIM-2 sea-ice component (Fichefet and

Maqueda, 1997), and PISCES module (Aumont and Bopp, 2006) for oceanic biogeochemistry.

It is important for global climate models to include the effects of salty water entering the North Atlantic from the Mediter-

ranean Sea. Likewise, it is crucial for the Mediterranean Sea to replenish its supply of water from the Atlantic to balance

the net evaporation occurring over the Mediterranean Sea. This may explain the degree of care taken to correctly represent135

the Mediterranean basin in the IPSL-CM5A model, despite its relatively coarse horizontal resolution (ORCA2). Indeed, local

modifications of the scale factor have been carried out to the code in order to refine the resolution of the Gibraltar Strait so as to

make it more realistic (cf. Madec and NEMO-Team., 2008). The ORCA2 configuration use a mesh grid of 20 km at the strait

of Gibraltar in order to better reproduce the geometry of the strait. For the grid points located where the strait opens into the

Atlantic basin the bottom boundary layer value was enhanced by four in order to model MOW with correct characteristics at140

equilibrium depth (Beckmann and Döscher, 1997). A similar model was used to study deep-water formation in the Gulf of Lion

by Madec and Crepon (1991). More recently Swingedouw et al. (2019) investigated the impact of a freshwater release in the

Mediterranean Sea on North Atlantic circulation, with a specific focus on the AMOC. They argued that the parameterization

of the MOW in the IPSL-CM5 model (used in this study) is a significant improvement as compared to previous studies that

analysed the potential impact of the MOW using simpler and coarser ocean models (e.g., Rahmstorf, 1998; Bigg and Wadley,145

2001; Chan and Motoi, 2003; Rogerson et al., 2010; Ivanovic et al., 2013).

2.2 Modelling the Nd isotopic composition

The exchange between the continental margins and seawater, hereafter referred to as boundary exchange (BE), represents

the main source of Nd at a global scale (Arsouze et al., 2007, 2010; Rempfer et al., 2011). This source represents more than 95

% of the total input, whereas dissolved riverine and dust inputs are probably only significant in the upper 500 m (Arsouze et al.,150

2010). The decoupled behaviour observed between εNd and Nd concentration cycles has led to the notion of a “Nd paradox”

(Tachikawa et al., 2003; Lacan and Jeandel, 2005a). While εNd behaves in a quasi-conservative way in the open ocean, leading

to its broad use as a water-mass tracer, Nd concentration displays vertical profiles that increase with depth, together with deep-

water enrichment along the global thermohaline circulation (Bertram and Elderfield, 1993; Jeandel et al., 1995; Tachikawa

et al., 1999, 2003; Lacan and Jeandel, 2001, 2005a). Since, our aim is to tag water masses with distinct isotopic compositions155

in order to constrain water mass mixing and pathways, as well as thermohaline circulation, we have chosen to simulate only

the Nd isotopic composition (εNd), allowing us to run long simulations of thousands of years with a low computational cost. In
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fact, simulating both the concentration and isotopic distributions of Nd is more complex and require the use a fully prognostic

coupled dynamic/biogeochemical model with an explicit representation of all Nd sources (i.e. atmospheric dusts, dissolved

river fluxes, and margin sediment re-dissolution) and sinks (i.e. scavenging); in reality, past river inputs are also difficult to160

constrain and very limited river data are available (cf. section 4.3 that explicitly addresses the limitations of our modeling

approach).

The neodymium isotope tracer is implemented in the IPSL-CM5-LR model, following the protocol developed for the global

scale by Arsouze et al. (2007) with a global ocean circulation model (OPA-ORCA2). This simplified modelling approach has

already been used in several high computational cost modelling studies such as high resolution regional simulation of the North165

Atlantic basin (Arsouze et al., 2010) and Mediterranean basin (Ayache et al., 2016; Vadsaria et al., 2019) or long simulation

in paleoclimatic studies for investigating the variability of AMOC during the Last Glacial Maximum (LGM) (Arsouze et al.,

2008), or the shoaling of the Central American Seaway during the Miocene (Sepulchre et al., 2014).

The εNd is implemented in the model as a passive conservative tracer which does not affect ocean circulation. Hence,

simulations could be run in off-line mode using the pre-computed transport fields at the monthly time scale from the IPSL-170

CM5A-LR simulations described in Swingedouw et al. (2019). εNd is transported in the model using a classical advection-

diffusion equation, including the sources and sinks (SMS term, eq1). The rate of change of oceanic Nd isotopic composition

is:

δεNd

δt
= S(εNd)−U · ∇εNd +∇ · (K∇εNd), (1)

where S(εNd) represents the SMS term, U ·∇εNd is the three-dimensional advection and ∇ · (K∇εNd) is the lateral and175

vertical diffusion of εNd.

The only SMS term considered in the present study is the boundary Exchange (BE) parameterized by the relaxing equation

(2) between water mass entering in contact with any margin towards the value of this particular margin:

S(εNd) = 1/τ(εNdmargin− εNd).maskmargin, (2)

where τ is the characteristic relaxing time (i.e. the characteristic time needed to transfer isotopic properties from the conti-180

nental margin to the ocean). According to Arsouze et al. (2007), the relaxing time is estimated at 1 year for the global scale.

εNd in equation (2) is the Nd isotopic composition of seawater εNdmargin is the value of the material deposited along the

continental margin. Its spatial distribution is estimated using the compilation of Jeandel et al. (2007), and maskmargin is the

percentage of continental margin within the grid box which represents the proportion of the surface within the grid where the

BE process occurs (i.e. shelf and slope located below this coastline). This quantity is estimated from ETOPO-2 high-resolution185

bathymetry following the margin definition used to simulate the iron cycle in the PISCES model (Aumont and Bopp, 2006).

We used dissolved εNd data compiled by Tachikawa et al. (2017), Lambelet et al. (2016), along with additional recent data

from Dubois-Dauphin et al. (2017) to evaluate the ability of the model to simulate the main features of the circulation and

mixing of the water masses in the Mediterranean Sea and in the North Atlantic basin.
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2.3 Sensitivity experiments190

We used five existing climate simulations from Swingedouw et al. (2019) to analyse the impact of a change in the MOW

intensity on the Nd isotopic distribution and the general circulation in the North Atlantic basin. A 1000-year control simulation

under pre-industrial conditions was first run with no change in the freshwater balance of the Mediterranean Sea (i.e. evaporation

minus precipitation and runoff). This control simulation starts after thousands of years of spin-up procedure and is stable from

the beginning of the simulation (for more details, see Swingedouw et al. 2019).195

Following Swingedouw et al. (2019), we have used four different simulations with different hosing rates in the Mediterranean

Sea (i.e. HosMed2, HosMed1, HosMed05, HosMed02), where freshwater is released all over the surface of the Mediterranean

Sea with a constant value of 0.2, 0.1, 0.05, and 0.02 Sv, respectively. The freshwater was added following the free surface

scheme (Roullet and Madec, 2000) used in NEMO with a constant rate of release throughout the experiments. These different

rates are very large, the lowest one HosMed02 corresponds to a River Nile runoff multiplied by around 7. The HosMed1 repre-200

sents almost a doubling of present-day freshwater forcing (e.g. precipitations and runoff) and is therefore very large. However,

HosMed2 experiment should not be regarded as realistic and should be taken as an idealized extreme case simulation per-

formed to evaluate the limit of the system analysed. These idealised simulations are principally aimed at analysing the impact

of a change in the freshwater balance (e.g. Sapropel-like events) on the Nd isotopic composition and on larger-scale circula-

tion, especially in the North Atlantic. A more detailed evaluation of those different rates of hosing is provided in Swingedouw205

et al. (2019). From these climate simulations, we ran off-line tracer simulations, which were initialized with a uniform isotopic

composition of εNd= -7, following the protocol presented in section 2.2.

3 Results

3.1 Validating the control simulation in the Mediterranean Sea and the North Atlantic basin

We have evaluated the control simulation against in situ observations made in the Mediterranean Sea (Fig.1), and in the210

North Atlantic basin (Fig. 2). Figure 1a shows the εNd distribution over the whole water column in the Mediterranean Sea

along a longitudinal transect for both the eastern and western basins. The εNd horizontal distributions for the surface waters (0-

50 m), the intermediate waters (50-750 m) and the deep waters (750-3000 m) are presented in Fig. 1b, 1c, and 1d respectively,

together with in situ observations from Tachikawa et al. (2004), Vance et al. (2004), and Henry et al. (1994). Figures 1 include

also a comparison of average vertical profiles of Nd isotopic signature from control run against in-situ data in the whole215

Mediterranean Sea. The model results are extracted for the last 100 years of the control simulation.

The surface waters originating from the Atlantic Ocean (Atlantic Waters, AW) are characterized by the most negative sig-

nature (value around -9) and are transported all over the Mediterranean Sea, allowing them to be clearly identified; this cor-

responds well to published in situ data from Tachikawa et al. (2004) and Dubois-Dauphin et al. (2017) (Fig.1b). The model

simulates a pronounced εNd east-west gradient in εNd values, which characterizes the Mediterranean waters (Fig.1), but which220

is slightly underestimated in the model as compared to in situ data.
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The values simulated in the Western basin (WMed) and Eastern Levantine basin are consistent with the observations made by

Tachikawa et al. (2004). Below a depth of 50 m (Fig. 1c), Levantine Intermediate Water mass (LIW) exhibits higher mean εNd

values of ∼ -8, similar to the value of -8.9, -8.7 reported by Tachikawa et al. (2004). The Nd isotopic composition of LIW has

been shown to evolve along its westward flow from the formation region in the Levantine Basin (εNd -4; Tachikawa et al. 2004)225

through mixing with water masses lying above and below it (Henry et al., 1994). The model captures the general features of the

vertical profiles of Nd isotopic signatures in the Mediterranean Sea, although a difference of almost 2 εNd units can be found

in some places, where the model underestimates in situ data from surface and intermediate water-mass, and on the opposite

overestimate the εNd in the deep water (Fig. 1). The LIW is well identified by its radiogenic signature. LIW is produced in the

Levantine sub-basin before passing Crete at 28◦ E, where measured εNd values reach -5 (Fig. 1). The model simulates a similar230

signature (around -5.5) but at relatively deeper levels compared to in situ observations (Fig. 1a). A similar bias was simulated

by Ayache et al. (2016) and by Vadsaria et al. (2019) even when using high resolution regional models (1/12◦, and 1/8◦ of

horizontal resolution respectively). This evaluation shows that despite its low resolution, the model produces a qualitatively

correct distribution of the εNd of the water masses in the semi-enclosed Mediterranean basin (Fig. 1).

We have also evaluated the εNd distribution in the North Atlantic basin in the control simulation. Figure 2a displays the235

horizontal distribution of εNd at intermediate level (750 m depth), and in two vertical sections along the north to equatorial

western Atlantic basin (Fig. 2b) and along a latitudinal transect in the western European margin (2c). Figure 2a shows a

strong North-South basin scale εNd contrast, with less radiogenic εNd values for water masses derived from the Labrador Sea

Water (LSW): εNd -13 to -14.5; North East Atlantic Deep-Water (NEADW): εNd -12.5 to -13, and North Atlantic Deep-Water

(NADW) with εNd -12.5 to -13 which is similar to observation from Dubois-Dauphin et al. (2017); Lambelet et al. (2016);240

Lacan and Jeandel (2004b, 2005b) and from Piepgras and Wasserburg (1987). Conversely, εNd values of water masses from

the subtropical gyre (STG; εNd = -10 to -12) and southern sourced waters, such as Antarctic Bottom Water (AABW) and the

Antarctic Intermediate Water (AAIW) (εNd between -7 and -9 in the Southern Ocean), are characterized by more radiogenic

values (Jeandel, 1993; Copard et al., 2011; Stichel et al., 2012). The model correctly simulates the pronounced North-South

gradient in εNd that characterizes surface and intermediate waters in the Atlantic basin (Fig. 2), but overestimate the observed245

values in the subtropical region. Therefore, the very radiogenic εNd from in situ data located around 30-35°N (Fig. 2b) has been

interpreted as a local influence of volcanic material input (cf. Tachikawa et al. 2017 for more details).

In the Gulf of Cadiz, the Mediterranean Sea Water (MSW) displays εNd values that range from -9.5 to -10.1 in close agree-

ment with data from Dubois-Dauphin et al. (2017), in the deep water the εNd values decrease from -10.2 to -11, which corre-

sponds to ENADW (Fig. 2c). At Rockall Trough, the most unradiogenic εNd values (-14.0 ± 0.2 to -14.8 ± 0.5) correspond250

to the LSW between a depth of 18000 and 2500 m, thus pointing to a strong influence from water originating in the Labrador

Sea (Fig. 2c). However, the model significantly overestimates the εNd values observed in the surface and intermediate waters in

this area (Fig. 2c). This bias will possibly be corrected once the dust and river inputs are included in the model (e.g., Arsouze

et al. 2009; Ayache 2016). Nevertheless, we prefer not to use this flux in the present study in order to keep things simple

and only evaluate the impact of boundary exchange, notably because estimate of past atmospheric fluxes are hardly available.255

This shortfall might also be related to the deep convection bias in the physical model, whereby the Labrador Sea convection
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is shifted to the east (Escudier et al., 2013). In the western part the Nd isotopic composition of AAIW is the result of mixing

between radiogenic Pacific water (εNd = -4) and unradiogenic Atlantic water (εNd = -13.5) in the Southern Ocean, which leads

to present-day εNd values for AAIW of between -7 and -9 (Jeandel, 1993; Stichel et al., 2012). The AABW is well simulated

by the model at a depth of 4000 m where it is characterized by intermediate εNd values (∼ -10, Fig. 2b).260

In conclusion, this cross-comparison with observations shows that, even though its low resolution limits its ability to resolve

mesoscale and convective processes, overall this model simulates the main characteristics of the global εNd in the Mediterranean

Sea and the North Atlantic basin and associated main water mass signatures. It allows us to gain interesting insights regarding

the impact of a perturbation of the Mediterranean outflow. Nevertheless, unavoidable caveats remain, which will be discussed

at the end of the paper.265

3.2 Spatial cross-correlation between εNd and North Atlantic circulation (AMOC, SPG)

To further investigate the relationship between the Nd isotopic composition in the North Atlantic (as a quasi-conservative

tracer) and the changes of the North Atlantic ocean circulations (e.g., AMOC and SPG) on a multi-centennial time scale, we

have used point correlation maps, which are useful for visualising spatial teleconnections between εNd signature and changes

in oceanic circulation. Figure 3 shows the spatial variability of correlation between the εNd and a subpolar gyre index (defined270

as the maximum of the absolute value of the barotropic stream function over the subpolar region) from the control simulation.

Significant negative correlations are mainly found in the surface and intermediate waters near Iceland (Fig. 3a and Fig. 3b),

and positive correlations are located in the southern part of the Labrador Sea (Fig. 3). The same analyses are made between

the εNd with AMOC index (calculated as the maximum of the annual mean overturning stream function in the Atlantic at 48◦N

from 500 m to the bottom of the ocean). Again, significant correlations are mainly found in the Labrador Sea and near Iceland275

(Fig. 4).

All correlation maps show negative correlations in the Labrador Sea for the surface and intermediate waters (Fig. 3 and Fig.

4), indicating that a strong AMOC import more subpolar waters which are tagged by the lowest εNd signature in the north

Atlantic basin (cf. Fig. 2a). The positive correlations represent more radiogenic waters imported from a southern source water

(i.e sub-tropical water). Indeed, high positive correlation between εNd and SPG is simulated over the whole water column to280

the south of Greenland (at about longitude 50°W and latitude 50°N). This could be associated with deep convection in this

area mixing water imported from sub-tropical region (i.e. with more radiogenic isotopic signature) from the surface almost to

the bottom (in the model), thereby producing a vertically homogenized water column (Fig. 3). Thus, this correlation analysis

shows that the model exhibits potential linkages between εNd isotopic distribution and large-scale circulation in the Atlantic

basin.285
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3.3 Hosing experiment

3.3.1 Impact of variations in MOW on Nd isotopic signature in the North Atlantic

We have evaluated and discussed the impact of our hosing experiments and the simulated reduced circulation on the εNd

distribution in the Mediterranean Sea (shown in Appendix B section). The impact of the decrease in the MOW at the Straits

of Gibraltar on the εNd in the North Atlantic Ocean is shown in Figure 5. Under pre-industrial condition (Fig. 5a), we can290

identify the MOW with its radiogenic signature (εNd = ∼ -8.4) at around 1000m depth, while AW is enters at the surface in the

Mediterranean Sea with a less radiogenic signature ( εNd = ∼ -10 cf. Fig. A1 and Fig. A2 in appendix). In most of the hosing

simulations, the changes in MOW can be traced through a decrease in εNd at 1000 m, of 2 εNd units in HosMed2 and almost

1 εNd unit in HosMed1 (Fig. 5b, 5c and 5d). HosMed02 shows lower isotopic signature changes but with a similar pattern

as the other experiments (Fig. 5e). The longitude-depth section at around 36◦N shows an important decrease of εNd value in295

the surface water (down to a depth of 1000 m) in the hosing experiments, while deep water exhibits more radiogenic values

especially in HosMed2 and HosMed1, indicating a higher contribution of radiogenic waters exported from the Southern Ocean

(i.e. from the AAIW), and less input from the northern basin (i.e. from the Labrador Sea).

The εNd anomaly across North Atlantic surface water (first 100 m of depth) is shown in Figure 6. We have focused on

the first and last century from our experiments to evaluate the relatively rapid adjustment of the Atlantic circulation, and the300

longer one, which could be key for reconstructed long-term Holocene variability (Swingedouw et al., 2019). In figure 6b we

notice a clear drop in εNd values over the whole North Atlantic basin exceeding 2 εNd units for the last 100 years (on average)

in HosMed2 simulation (Fig. 6b). This drop increases with the rate of freshwater release (i.e. maximum in HosMed2 and

HosMed1 experiments, and very small in HosMed05 and HosMed02). To clarify this εNd anomaly in the North Atlantic, we

have analysed changes in the upper ocean current (first 100 m); these are also represented in Fig. 6. In the first century, all305

simulations exhibit an increase in the northward velocity west of the Rockall Trough, associated with an increase in the North

Atlantic drift and a decrease in the Azores Current; this is also clear from barotropic stream function representations (Fig. 7).

The reduction in the Azores Current can be related to the decrease of MOW as shown in (Jia, 2000) using ocean-only models

and in Swingedouw et al. (2019) in these simulations. However as shown by Swingedouw et al. (2019) the Azores Current is

weak in the IPSL-CM5 model, possibly due to the coarse horizontal resolution of the ocean model, which is not fine enough310

to resolve sufficiently this narrow current (see Swingedouw et al. 2019, for more detail on the dynamical response in these

simulations).

The εNd anomaly in the North Atlantic basin at 750 m depth (i.e. depth of the paleo-records at Rockall Trough) is shown in

Figure 7. The SPG exhibits a less radiogenic εNd in HoMeds2, HosMed1 and HosMed05, but less intense in HosMed02 relative

to the control simulation, the εNd values decrease, suggesting a change in the Subpolar Mode Waters (SPMW), which have an315

εNd value of around ∼-14.5 (Dubois-Dauphin et al., 2017). This may result from a greater eastward extension of the mid-depth

subpolar gyre or a reduction in MSW formation, probably linked to a variation in deep Mediterranean water production.

Figure. 8 shows the vertical profile of εNd anomalies as the difference between the control simulation and hosing experiments

in order to quantify the impact of our hosing experiments on the εNd of the Iceland-Scotland Overflow Water (ISOW) identified
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between 2000 and 2600 m depth south of Iceland (Harvey and Theodorou, 1986) and the North Eastern Atlantic Deep Water320

(NEADW) between 2000 and 3000 m (Van Aken and de Jong, 2012). The eastward extension of the mid-SPG may lead to

an important decrease in the εNd of ISOW (between -3.5 in HosMed2 and -1.3 in HosMed02, see Fig. 7c). In contrast, the

NEADW signature increases the εNd by almost +2 unit in HosMed2, +1.3 in HosMed1, +0.9 in HosMed05 and by +0.5 in

HosMed02 relative to the control simulation (Fig. 7b). Consequently, the εNd of ISOW and ENADW at 25◦W can be linked

to the mid-SPG dynamic, where an eastward expansion (westward contraction) of the mid-SPG induces a decrease (increase)325

of Nd isotopic signatures for ISOW (ENADW). This increase in ENADW production might be related to the increase in Sea

Surface Salinity (SSS) found in HosMed05 simulation for instance, due to the increase of North Atlantic Current (NAC) export

(cf. Swingedouw et al. 2019). This increases the deep water production and density in the Nordic Seas could explain the

signature of εNd found in Fig.8. Conversely, this slight modification of deep water characteristic toward denser waters might

have weakened the ISOW signature.330

Within the Rockall Trough a present-day water depth profile of εNd show an important variation of εNd between surface and

deep-water (Fig. 9) (Colin et al., 2010; Dubois-Dauphin et al., 2017; Colin et al., 2019). The most unradiogenic εNd values of

around -14.0 correspond to the upper (300 m of water). Down between 11000 and 1600 m depth the water column exhibits a

narrow range of εNd values, from -13 to -13.8 which correspond to SPMW and LSW signature (Dubois-Dauphin et al., 2017).

Below 1750 m, the seawater becomes more radiogenic ( ∼ -12.7) in agreement with a relative higher percentage of ISOW335

at the Rockall Trough. The control simulation is mainly in agreement with the present-day vertical profile of εNd at Rockall

Trough especially for surface and intermediate water. However, for the deep water, the model failed to reproduce the radiogenic

signature of ISOW at Rockall Trough. This shortcoming might be due the low vertical resolution of the model and the poor

resolution of boundary currents and overflows notably due to the coarse horizontal resolution of the ocean model, which is

not fine enough to sufficiently resolve ISOW outflow (Swingedouw et al., 2019). The hosing experiments (Fig. 9c) show a340

pronounced decrease of εNd at intermediate levels. The most unradiogenic εNd values (up to -16.2, Fig. 9c) are simulated with

HosMed2 and HosMed1 between 1500 and 1800 m depth which is indicative of the presence of LSW (New and Smythe-

Wright, 2001; Lacan and Jeandel, 2004a).

Finally, figure 10 shows a comparison between model results and a compilation of marine sediments cores from Colin

et al. (2019); Roberts and Piotrowski (2015), within the Rockall Trough during the Holocene period. The εNd records display345

significant variations over the Holocene (Fig. 10b, and Fig. A3 in appendix), with more radiogenic values during the late

Holocene as compared to the early Holocene. This shift of εNd (around 6 BP, cf. Fig. 10b and Fig. A3 in appendix) towards

more radiogenic values are clearly identified in almost all the cores presented in Fig. 10 b. Indeed, a similar shift is simulated

by the model when comparing control simulation (i.e. representing the present-day situation) and the hosing experiments (i.e.

representing the Early Holocene situation) ranging from -13 in the control run to -16.2 in HosMed2 (Fig. 10b). The vertical350

profile of εNd in Fig. 10c shows the change in εNd during the early Holocene over the whole water column at Rockall Trough

(Fig. 10c). The peak of εNd change is marked for the intermediates water up to -16.4 at 1200 m depth. Figure 10d shows the

εNd change at 750 m depth in the Rockall Trough versus freshwater flux to the Mediterranean Sea in the model compared to

data from Colin et al., (2010, 2019) and Crocket et al. (2011). The first experiment (HosMed02) seems to generate a weak
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change in εNd (only 0.4 εNd units), the two other experiments (HosMed05 and HosMed1) generate a more realistic change in355

εNd comparable to in situ data (from 0.8 εNd in HosMed05 to 1.3 εNd in HosMed1, cf. Fig. 8). The last experiment (HosMed2)

generates a too large change in Nd isotopic composition compared to in situ data.

4 Discussion

The different experiments using the IPSL-CM5A-LR model have allowed us to evaluate the impact of a freshening of the

Mediterranean Sea on the Nd isotopic signatures in the North Atlantic basin; they have revealed a range of very different360

possible decreases of MOW, from a total collapse (HosMed2) to a slight reduction of the MOW (HosMed02). By integrating

off-line tracer simulations of εNd, the simulations have allowed us to examine the potential impact of a Sapropel-like event on

the εNd in the North Atlantic basin and, in fine, on the AMOC. Nevertheless, our study does not aim to properly simulate the

sapropel S1 event from its onset to the deposit, since our model setup did not consider major forcing needed for the development

of an anoxic environment and for the deposition of S1 (e.g. sea level rise, climate). The simulations should only be considered365

as sensitivity experiments that help us to better understand processes at play in response to large releases of freshwater in the

Mediterranean Sea. Furthermore a proper simulation of the Mediterranean Sea circulation would require a higher resolution

model (e.g. 1/8◦ , 1/12◦) that is far beyond the scope of this global-scale modelling study.

4.1 MOW impact on Rockall Trough seawater εNd during the Early Holocene period

The εNd record in the Rockall Trough shown in figure 10 displays significant variations of about 2.7 εNd units between 7370

and 5 ka marked by a shift towards more radiogenic isotopic signature, whose timing coevals with the end of the sapropel

S1 event (between 10.2-6.4 cal kyr BP ). The MOW decrease simulated in our hosing experiments can be clearly invoked as

having had an important impact on the Nd isotopic composition around the NE Atlantic basin as shown in figures 8, 9, 10.

The maximum of εNd shift is well identified in intermediate water (Fig. 10c), where subsurface to intermediate water masses

are marked by more radiogenic isotopic signature. The presence of the radiogenic MSW at greater water depth (around 950m)375

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 along the western European margin (Lozier and Stewart, 2008). Hence, by vertical

mixing and re-circulation (Penny Holliday et al., 2000; Lavender et al., 2005) the MSW could also induce a more radiogenic

εNd signature to intermediate water masses of the Rockall Trough.

Based on the comparison between the model output and εNd simulation with Rockall Trough records, we suggest that380

HosMed05 may be more representative of hydrological conditions of the Mediterranean Sea and NE Atlantic basin during the

deposition of sapropel S1, and the HosMed1 may provide a upper limit. Furthermore, different paleo-proxies collected from

the Gulf of Cadiz in the Gibraltar Strait seem to indicate that the MOW was weakened but not suppressed during Sapropel

events (e.g., Bahr et al., 2015). Swingedouw et al. (2019) assessed that the amount of freshwater added in HosMed2 (i.e. 0.2

Sv) and in HosMed1 (i.e. 0.1 Sv) may overestimate the freshwater input during the sapropel event, and the potential fluxes are385

likely to be lower than 0.1 Sv in total, even during periods of peak Fennoscandian ice sheet melting. To validate and better
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quantify our hypothesis regarding the impact of the freshening the Mediterranean Sea on εNd distribution and ocean dynamics

in the North Atlantic, transient simulations over large periods of the Holocene will be necessary.

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

A major hydro-dynamical re-organization occurred in the North Atlantic during the mid-Holocene period, with a maximum390

strength of the Iceland-Scotland Overflow Water (ISOW), which might be indicative of an increase in the AMOC. The onset

of modern Labrador Sea Water formation is believed to have started from around 7 ka, and was followed by a decrease of the

ISOW strength and a contraction of the mid-SPG (e.g. Hillaire-Marcel et al., 2001; Colin et al., 2019). An intensification of the

upper AMOC cell has also been suggested the Early Holocene period, as demonstrated by sortable silt proxy from Thornalley

et al. (2013) and by Ayache et al. (2018) using 22 cores of annual Sea Surface Temperature (SST) compiled in the North395

Atlantic and covering the Holocene (HAMOC database). Based on the results from the hosing experiments, the freshwater

release in the Mediterranean Sea during S1 might have contributed to such a change, with key impacts on radiogenic Nd

isotopic signature as illustrated in figures 8, 9, 10.

Also, the intense SPG circulation during the Early to mid-Holocene period may have entrained more unradiogenic εNd from

the surface water of the Labrador Sea at intermediate depth (between 700 and 1000 m), which is marked by boundary exchange400

(Lambelet et al., 2016; Colin et al., 2019). This strong early Holocene eastward extension of the SPG circulation would have

brought a greater volume of unradiogenic seawater into contact with the ISOW south of Iceland. Thus, it is possible that such

an intensification of SPG circulation could have also increased the Nd input from the boundary exchange (Colin et al., 2019).

Such an increase of lithogenic Nd input could significantly modify the εNd of water masses in the North Atlantic basin. As

illustrated in figure 8, the LSW (characterized by unradiogenic εNd) are entrained and mixed with the ISOW (characterized by405

more radiogenic εNd). This entrainment of surrounding waters could largely modify the ISOW signature (up to 2.5 εNd unit in

MedHos1). This increased flow of surface and sub-surface waters, characterized by unradiogenic Nd isotopic signatures, in the

Iceland basin may then have been entrained by an intense ISOW during the early to mid-Holocene (Thornalley et al., 2013).

Otherwise Howe et al. (2016) suggested that increased detrital input from the Laurentide Ice Sheet in the Early Holocene

(Kurzweil et al., 2010) would have induced a modification of the εNd of deep-water masses of the North Atlantic. However,410

Colin et al. (2019) argued that the variation of Nd isotopic composition of the water in the east Atlantic basin during the mid-

Holocene cannot be explained solely by the Laurentide Ice Sheet, because melting of the Laurentide Ice Sheet was greater in

the early Holocene than during the mid-Holocene, and also similar millennial variation in εNd (up to 2.5 εNd units) have been

observed during the late Holocene period, while the final demise of the Laurentide Ice Sheet occurred earlier (around 6.8 ka,

Carlson et al. 2008). Thus, this would have contributed, along with the Nd lithogenic input from detrital material from the415

Laurentide Ice Sheet (Howe et al., 2016), to the unradiogenic Nd signature observed for the NADW in the Early Holocene in

several deep sites of the North Atlantic (Roberts et al., 2010; Böhm et al., 2015; Howe et al., 2016; Lippold et al., 2016). Our

simulations indicate that a significant part of the εNd signal could be attributed to changes in large-scale circulation associated

with MOW outflow reduction.
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An important question that remains is, how much did a potential decrease in MOW over the Early Holocene contribute to420

the observed shift in the εNd of SPG? In the North Atlantic basin, as shown by our hosing experiments over the Mediterranean

Sea, the decrease of MOW led to an important decrease of εNd in the North Atlantic basin as a consequence of less MSW

(radiogenic signature) and more LSW (unradiogenic water), similar to the situation during the Early Holocene (i.e. an AMOC

strengthening) as shown in many studies using different types of records (e.g. Ayache et al., 2018; Thornalley et al., 2013).

However, additional palaeorecords of εNd from the North Atlantic and Mediterranean Sea may help to better constrain the role425

of MSW changes during the Holocene and therefore the potential impact on εNd shift during the mid-Holocene.

4.3 Evaluation and main limitation of εNd modelling approach

A key aspect of our analyses concerns the validation of the control run, in simulating the present-day observed distribution

of εNd both in the Mediterranean Sea and in the North Atlantic basin against in situ data. Despite the low resolution of the

IPSL-CM5A-LR in the Mediterranean Sea, the model produced reasonable east-west εNd gradients for the intermediate and430

deep-water masses of the Mediterranean Sea (Tachikawa et al., 2004). For the North Atlantic basin, the signature for the

main water masses (NADW, AAIW, and AABW) are simulated with realistic εNd values. The inter-gyre gradient between SPG

(source of less radiogenic water) and STG (source of more radiogenic water) is correctly simulated by the model (cf. subsection

3.1). Since we only use boundary exchange as a source of εNd, this reinforces the idea of this process as being the major source

in the Nd oceanic cycle, even at regional scale and in a semi-enclosed basin such as the Mediterranean basin, in agreement with435

what has been previously evaluated for the global ocean (Arsouze et al., 2007; Sepulchre et al., 2014; Rempfer et al., 2011),

the Atlantic basin (Arsouze et al., 2010), and in the Mediterranean Sea (Ayache et al., 2016). Although the processes leading

to boundary exchange are still not fully understood (Jeandel and Oelkers, 2015), the simulated εNd is very useful for assessing

changes in oceanic circulation during the sapropel event, as also shown in Vadsaria et al. (2019).

It is clear that simulating both the concentration and isotopic distributions of Nd could allow a better evaluation of the440

lithogenic Nd inputs to the sub-polar water and its impact on the εNd in the North Atlantic (cf. Section 2.2), and taking

into account dust and river input could improve the simulation of Nd distribution. However, past dust input is also difficult

to constrain: while flux is sporadic and hard to characterize, establishing the fraction dissolved at the air–sea interface is

also challenging, and there is very little available data for rivers. This first idealized modelling approach has demonstrated

the advantages of combining observations with numerical simulations, and is a motivation to continue this effort with more445

sophisticated models. A more substantial data-set available for the Holocene period might be also useful to allow a more

in-depth model-data comparison.

For further improving of our modelling approach, including more processes might be required, for instance through the

use of a fully prognostic coupled dynamical/biogeochemical model with an explicit representation of all Nd sources (i.e.

atmospheric dusts, dissolved river fluxes, and margin sediment re-dissolution) and sinks (i.e. scavenging) which however450

remains very costly with such resolution for the Holocene period. Another limitation of the present study concerns the ocean

resolution in the Mediterranean Sea, which does not properly resolve meso-scale dynamics which play a key role in the

dynamics of both the MOW and the Azores Current in the Atlantic basin (e.g. New et al., 2001). It should also be noted that a
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full understanding of the S1 event necessitates a representation of the whole hydrological cycle of the Early Holocene climate

over the Mediterranean basin. Currently, there is no available transient simulation of the Holocene with the IPSL model, (very455

costly at such a resolution). The use of transient simulation could offer an interesting test-bed to better understand the impact

of Sapropel events on large-scale circulation in the North Atlantic over the Holocene and the onset of the modern circulation.

Finally, we argue that a full monitoring of the MOW would be useful to estimate and predict potential impacts of MOW

variations on the large-scale ocean at long-term time scales.

5 Conclusions460

The present study provides new insights concerning the potential impact of enhanced freshwater input into the Mediterranean

Sea on the Nd isotopic composition in both the Mediterranean Sea and the North Atlantic basin, and, in fine, on the large-scale

ocean circulation, as it might have been the case during Sapropel S1 event in the early Holocene. It is based on a set of five

IPSL-CM5A-LR long simulations (up to 1000 years). Even though the convective processes are poorly resolved in the IPSL-

CM5A-LR model, the Nd isotopic signature of the main water masses in the Mediterranean (i.e. reasonable east-west gradients465

of εNd) and in the north Atlantic basins (the main water masses: NADW, AAIW, AABW) are simulated and allow an evaluation

of the impact of a direct perturbation of the Mediterranean Sea circulation (i.e. the sapropel-like event).

The hosing experiments in the Mediterranean Sea generally reproduces less radiogenic water masses in the western Mediter-

ranean basin, which is a result of reduced exchange with the eastern basin as indicated by observations. εNd anomalies are

more radiogenic in the eastern Mediterranean basin consequence of the sluggish circulation simulated in hosing experiments.470

It reproduces stagnation in deep waters that generates an εNd signature closer to the value of the surrounding margins.

Our different experiments have allowed us to examine the potential impact of a freshwater release in the Mediterranean Sea,

leading to a decrease of the MOW, and imprints on the Nd isotopic signatures in the North Atlantic basin with very different

possibilities. A freshwater release rate of 0.02 Sv generates a weak change of only 0.4 units in the εNd at Rockall Trough,

while two intermediate experiments (0.05 Sv for HosMed05 and 0.1 Sv for HosMed1) seem to generate change in εNd more475

in line with differences between early and late Holocene from in situ data (from 0.8 and 1.3 εNd respectively), which might be

possibly representative of the impact of Sapropel S1 event on ocean circulation. The last experiment with a freshwater release

rate of 0.2 Sv generate a huge change in εNd isotopic values. Based on the comparison between the model output and εNd

data, we suggest that HosMed05 may be more representative of hydrological conditions of the Mediterranean Sea during the

deposition of Sapropel S1, and that the HosMed1 may provide a very upper limit. To validate and better quantify the impact480

of a freshening of the Mediterranean Sea on Holocene variability, transient simulations over large periods of the Holocene will

be necessary and are planned in future work. The intense SPG circulation (i.e. eastward extension of the mid-SPG) during the

early to mid-Holocene period may have brought a greater volume of unradiogenic seawater into contact with the ISOW south

of Iceland, and would thus have led to an important decrease in εNd of ISOW (between -3.5 εNd unit in HosMed2 and -1.3

εNd unit in HosMed02). Thus, it is possible that such an intensification of SPG circulation, due to a decrease in MOW, could485

also have increased the lithogenic Nd input from unradiogenic sedimentary margins of the Labrador Sea through the process
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of Boundary Exchange. Finally, we have demonstrated that the variation in Nd isotopic composition of deep-water masses in

the east North Atlantic basins during the mid-Holocene cannot be explained solely by lithogenic Nd input from the Laurentide

Ice Sheet but that changes in the intensity of the AMOC and SPG intensity over the course of the Holocene have had a major

influence.490
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Figure 1. Model-data comparison of εNd for the Mediterranean Sea from control simulation (averaged over last 100 years). Upper line

East-West section (a). Lower panel: horizontal maps for surface waters (b), intermediate waters (c), and deep waters (d). Color-filled dots

represent in situ observations from Tachikawa et al. (2004), Vance et al. (2004) and Henry et al. (1994). Both use the same colour scale.

LIW (Levantine intermediate water), AW (Atlantic Waters), WMDW (Western Mediterranean Deep Water) EMDW (Eastern Mediterranean

Deep Water) appears in panel a). e) Comparison of average vertical profiles of Nd isotopic signature (εNd) from control run in the whole

Mediterranean Sea. Model results are in blue, while red indicates the in situ data from Tachikawa et al. (2004), Vance et al. (2004) and Henry

et al. (1994).
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Figure 2. Model-data comparison of εNd for the North Atlantic basin from control simulation (averaged over last 100 years), a) horizontal

distribution of εNd in the mid-depth waters (750 m), b) section along the north to equatorial western Atlantic basin, c) section along a

latitudinal transect in the western European margin. colour-filled dots represent in situ observations from Dubois-Dauphin et al. (2017) and

Lambelet et al. (2016). Both use the same colour scale. AAIW (Antarctic Intermediate Water), AABW (Antarctic Bottom Water), NADW

(North Atlantic Deep-Water), MOW (Mediterranean overflow water), LSW (Labrador Sea Water), ENADW (North East Atlantic Deep-

Water), SPG (Subpolar Gyre), STG (subtropical gyre) .
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Figure 3. Map of time correlation between the εNd and subpolar gyre index (defined as the maximum of the barotropic stream function) from

the control simulation averaged over different depth ranges: 0-500m in a), 500-1000m in b), 1000-3000m in c) and 3000-5000m in d). The

non-significant zones for the regression at 95% level are marked with a black cross.
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Figure 4. Same as Figure 3 but with AMOC index.
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Figure 5. a) εNd in the control simulation (averaged over 1000 years) along a longitude-depth section at around 36◦N (cf. zonal section

plot), latitude of the Gibraltar Strait. b), c), d) and e) εNd anomalies between control simulation and HosMed2, HosMed1, HosMed05 and

HosMed02 respectively.
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Figure 6. εNd anomaly from control simulation computed over the first 100 years of simulation on the left and last 100 years on the right.

First line is for HosMed2, second for HosMed1, third for HosMed05 and fourth for HosMed02. Superimposed are the velocity anomalies

from control simulation averaged over the first 100 meters of the ocean (in cm/s).

31



Figure 7. a) Horizontal maps of εNd distribution at 750 m depth in the North Atlantic basin. b), c), d) and e) εNd anomalies between control

simulation and HosMed2, HosMed1, HosMed05 and HosMed02, respectively. Shown in contour the mean of the barotropic stream function

in the control simulation averaged over 1000 years SPG (Subpolar Gyre), STG (subtropical gyre). We only show the differences significant

at the 95% level following a student t-test.
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Figure 8. Comparison of Nd isotopic signature anomalies associated with the Iceland-Scotland Overflow Water (ISOW, at 56 °N 25 °W)

identified between 2000 and 2600 m depth south of Iceland (Harvey and Theodorou, 1986) and the North Eastern Atlantic Deep Water

(NEADW, at 50 °N 25 °W) between 2000 and 3000 m (Van Aken and de Jong, 2012), in HosMed2 (in black), HosMed1 (in red), HosMed05

(in green), and HosMed02 ( in blue).
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Figure 9. Location of Rockall Trough (grey rectangle in a) bathymetry map (in m), b) Present day εNd depth profiles from historical

simulation (red line), and from in situ observations (in black) from Dubois-Dauphin et al. (2017). c) change in the Rockall Trough from the

four Mediterranean hosing simulations.
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Figure 10. a) Map of the marine sediments cores compiled from Colin et al. (2019); Roberts and Piotrowski (2015), b) peak value of εNd

during the Early and late Holocene from observational records (Color-filled dots) and from model (Shorizontal line), c) changes in vertical

profile of εNd at Rockall Trough during the early Holocene (between 6 and 10 ka): from observational records (Colour-filled dots), and

from the model outputs. In red is the control simulation (red line) and the black line corresponds to the range of εNd change in the hosing

experiments, i.e the difference between the control run and the peak value (minimum and maximum) in the four hosing simulations. d)

changes in the Rockall Trough versus freshwater flux release in the Mediterranean Sea (in Sv). The εNd changes in the model (black box) are

defined as the difference between the hosing and control experiments at 750m depth averaged over the last 100 years of each simulation. The

εNd changes from Colin et al. (2010) (red box) and Crocket et al. (2011) (green box) are defined as the difference of the average εNd value

between the early Holocene (i.e. before 6 kyr PB.) and the late Holocene (i.e. after 6 kyer BP). The black line corresponds to the curve from

a least squares linear regression made with the four hosing simulations (r2=0.86). The error bars represent the standard deviations computed

in the simulations.
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Table A1. εNd anomalies between present-day values from (Tachikawa et al., 2004; Vance et al., 2004; Henry et al., 1994) and εNd recorded

during the Sapropel event in Alboran Sea from (Jiménez-Espejo et al., 2015), Sardinia Chanel from (Dubois-Dauphin et al., 2017), Sicily

Strait and Levantine Basin from (Cornuault et al., 2018). The εNd anomalies from the model simulations are shown in comparison between

the control simulation (i.e represent the present-day situation) and the four hosing experiments (i.e represent the Early Holocene situation).

Levantine

sub-basin

Sicily

strait

Sardinia

Channel

Alboran

sub-basin

Observations 2.7 2.5 -0.73 -0.45

HosMed2 2.7 1.8 -0.9 -0.6

HosMed1 1.5 1.2 -0.6 -0.4

HosMed05 1.2 1.1 -0.3 -0.2

HosMed02 0.01 0.02 0.01 0.03
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Figure A1. a) Horizontal maps of εNd distribution at 1000 m depth in the Mediterranean Sea. b), c), d) and e) εNd anomalies between control

simulation and HosMed2, HosMed1, HosMed05 and HosMed02 respectively.
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Figure A2. a) Vertical sections along an east-west transect in the Mediterranean Sea. b), c), d) and e) εNd anomalies between control simu-

lation and HosMed2, HosMed1, HosMed05 and HosMed02 respectively. Dots represents the εNd signal recorded in Alboran Sea (Jiménez-

Espejo et al., 2015), Sardinia Chanel (Dubois-Dauphin et al., 2017), Sicily Strait, Levantine Basin (Cornuault et al., 2018), and from Duhamel

et al. (2020) for the west-Levantine basin. The data are shown in comparison to modern εNd values.
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Figure A3. a) Map of the marine sediments cores published in Colin et al. (2019); Roberts and Piotrowski (2015), b) Nd isotopic composition

(εNd) during the Holocene compiled from: Colin et al. (2019); Roberts and Piotrowski (2015). The solid black line represents the εNd average

value for the Early and Late Holocene as estimated from the same data
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Appendix B: Impact of a change in the Mediterranean Sea circulation on the εNd distribution

Variations in εNd distribution between the control simulation and hosing experiments at 1000 m depth are shown in Fig. A1,

as well as vertical sections along east-west transects, which are shown in Fig. A2. The hosing experiments generally reproduces

less radiogenic water masses in the western basin, which is a result of reduced exchange with the Eastern Mediterranean

basin. εNd anomalies are more radiogenic in the Eastern Mediterranean Basin. This is the consequence of the more sluggish825

circulation simulated in the hosing experiments, which ventilates less deep waters, leading to more stagnant water masses with

εNd signature closer to the value of the surrounding margins (Fig. A1 and Fig. A2). The maximum of east-west gradient is

simulated in HosMed2 (more than 2.5 εNd unit of difference), intermediate value simulated in HosMed1 (about 2 εNd unit of

difference) and HosMed05 (with almost 1.2 εNd of difference). On the opposite, HosMed02 keeps qualitatively similar values

as in the control experiment (Fig. A1 and Fig. A2).830

A few existing εNd reconstructions provide data for the last sapropel period in the Eastern Levantine and the Sicily-Tunisian

Strait (Cornuault et al., 2018), Sardinia Channel (Dubois-Dauphin et al., 2017), the Alboran Sea (Jiménez-Espejo et al., 2015),

the EMed (Wu et al., 2019) and the west-Levantine basin (Duhamel et al., 2020). At the Sardinia Channel, observations display

an anomaly in the sapropel order sequence of 0.73 εNd (Dubois-Dauphin et al., 2017). It is believed that this situation is the

result of a weaker circulation during the Early and Late Holocene. The model is able to simulate less radiogenic values in the835

water of the Sardinia Channel with a decrease amplitude from -1.8 HosMed2, -0.8 in HosMed1, and -0.6 in HosMed05 (Fig.

A2).

The core of the Levantine sub-basin by Cornuault et al. (2018), shows more radiogenic waters during sapropel events than

during modern times (+2.7 εNd, Fig A2, Table. 1). This can be attributed to the combined effect of a reduced circulation that

transports less low-radiogenic water from the western basin, and an enhanced flux of radiogenic materials from the exchange840

with the margin continent. The model reproduces a similar signal but shallower than in data in HosMed2 (+2.7 εNd unit),

HosMed1 (+1.5 of εNd unit) and, HosMed05 (+1.2 unit). The situation is similar at the Sicily channel (771m) where recon-

structions also depict more radiogenic waters during the sapropel compared to the modern seawater signature (+2.5 εNd, see

Table. A1). The model reproduces the positive signal in HosMed2, HosMed1 and HosMed05. In the core retrieved in the Alb-

oran Sea, an εNd signature of -9.75 reported by (Jiménez-Espejo et al., 2015), gives a difference of -0.45 εNd with the modern845

Alboran seawater signature ( -9.3, by Tachikawa et al.,2004). The imprint from the hosing experiment reproduces a close signal

in HosMed2 (-0.5 εNd) and lower signature in HosMed1 and HosMed05. Wu et al. (2019) provide unequivocal evidence for

a severe stagnation of waters masses (below ∼800 m depth) in the eastern basin consisting with a sluggish between the two

basins. The model simulates correctly this disconnection between the eastern and western basin at 1000 m depth in the hosing

experiments (cf. Fig. A1) and the fact that HosMed2 exhibits the best fit with observational reconstructions could be related850

with the approximation of uniform hosing over the whole Mediterranean. Indeed, the freshwater release in the Mediterranean

during S1 might have largely occured through increase inflow from river Nile, so that the Levantine basin might have been

more impacted than in our idealized hosing experiments.
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From this comparison with in situ data, we conclude that IPSL-CM5 hosing experiments lead to similar proportion of εNd

change in the Mediterranean Sea as for the Sapropel event during the mid-Holocene period (cf. Table. A1 and Fig.A1 and Fig.855

A2).
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