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ABSTRACT 1 

The Southern Ocean is a key region for the overturning and mixing of water masses within the 2 

global ocean circulation system. Because Southern Ocean dynamics are influenced by the 3 

Southern Hemisphere westerly winds (SWW), changes in the westerly wind forcing could 4 

significantly affect the circulation and mixing of water masses in this important location. While 5 

changes in SWW forcing during the Holocene (i.e. the last ~11,700 years) have been 6 

documented, evidence of the oceanic response to these changes is equivocal. Here we use the 7 

neodymium (Nd) isotopic composition of absolute-dated cold-water coral skeletons to show that 8 

there have been distinct changes in the chemistry of the Southern Ocean water column during 9 

the Holocene. Our results reveal a pronounced mid-Holocene excursion (peaking around ~7000 10 

to 6000 years before present), at the depth level presently occupied by Upper Circumpolar Deep 11 

Water (UCDW), towards Nd isotope values more typical of Pacific waters. We suggest that 12 

poleward-reduced SWW forcing during the mid-Holocene led to both reduced Southern Ocean 13 

deep mixing and enhanced influx of Pacific Deep Water into UCDW, inducing a water mass 14 

structure that was significantly different from today. Poleward SWW intensification during the 15 

late Holocene could then have reinforced deep mixing along and across density surfaces, thus 16 

enhancing the release of accumulated CO2 to the atmosphere. 17 

 18 

SIGNIFICANCE STATEMENT 19 

Southern Ocean circulation is a central aspect of the climate system and is influenced by the overlying 20 

Southern Hemisphere westerly winds (SWW) and surface buoyancy forcing. Yet, the response of 21 

Southern Ocean water mass mixing to SWW changes is largely unconstrained for the Holocene (the 22 

last ~11,700 years). We extracted the fingerprint of ocean chemistry from Drake Passage cold-water 23 

corals to trace past water mass mixing. Our data suggest that poleward weakening of the SWW in the 24 

mid-Holocene led to increased admixture of CO2-rich Pacific-derived water masses into the Southern 25 

Ocean. These results indicate that the Holocene circulation reacts more sensitively to atmospheric 26 
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forcing than previously appreciated, thus providing insight into the Southern Ocean’s possible role 27 

during future climate change. 28 

INTRODUCTION 29 

The mixing of water masses in the Southern Ocean plays a central role in the distribution of physical 30 

and chemical properties in the global ocean, thereby influencing the exchange of heat and carbon with 31 

the atmosphere (1, 2). Under modern boundary conditions, buoyancy loss of surface waters in the 32 

North Atlantic leads to the formation of North Atlantic Deep Water (NADW), whereas diapycnal 33 

mixing in the Pacific basin interior drives the upwelling of bottom waters and fuels the southward 34 

flow of oxygen-poor and nutrient-rich Pacific Deep Water (PDW). Both water masses are exported 35 

into the Antarctic Circumpolar Current (ACC), where the denser NADW becomes Lower 36 

Circumpolar Deep Water (LCDW), whereas PDW becomes Upper Circumpolar Deep Water 37 

(UCDW). Surface buoyancy fluxes and a strong wind-induced Ekman divergence cause upwelling of 38 

these circumpolar water masses along steepened isopycnals. While UCDW supplies the formation 39 

regions of Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW), the denser 40 

LCDW feeds primarily into the formation of Antarctic Bottom Water (AABW), thus separating the 41 

meridional overturning circulation into an upper and a lower cell, respectively (Fig. 1) (1‒3). 42 

Although water masses are predominantly mixed along isopycnals, mixing across isopycnals is an 43 

important driver of the deep overturning circulation, and is particularly enhanced in the Southern 44 

Ocean where the zonal flow of the ACC is forced over rough topography such as in the Drake Passage 45 

(7, 8). Recent observations suggest that changes in atmospheric forcing imposed by the Southern 46 

Hemisphere westerly winds (SWW) can alter momentum and buoyancy fluxes and hence the eddy 47 

circulation in the Southern Ocean water column (8). Furthermore, changes in SWW forcing have a 48 

direct effect on Southern Ocean upwelling rates and hence the oceanic degassing of CO2, expressed in 49 

enhanced upwelling of CO2-rich deep waters through a deepened mixed layer during phases of 50 

poleward SWW intensification (9‒11). Consequently, the interaction between SWW forcing, sea ice 51 

extent, deep water circulation, and the structure of the Southern Ocean water column is proposed to 52 
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have played an important role in controlling atmospheric CO2 concentrations during the last glacial-53 

interglacial transition (12‒14).  54 

During the Holocene, the position and/or intensity of the SWW are thought to have shown 55 

pronounced changes, as reflected in regional air and sea surface temperature (SST) distributions, 56 

changes of the hydrological cycle, and Antarctic sea ice extent (15‒20). In particular, intervals of 57 

poleward SWW intensification were associated with Southern Hemisphere warming, poleward 58 

increases in precipitation (16, 18), and enhanced upwelling of deep waters (19, 20), together leading 59 

to reduced sea ice coverage on the Antarctic shelves (19, 20) and altering the mass balance of 60 

Antarctic glaciers (21). However, Southern Ocean water mass mixing and water column structure are 61 

largely unconstrained for the Holocene epoch.  62 

Here, to address this critical data gap, we use neodymium (Nd) isotopes extracted from the aragonitic 63 

skeletons of cold-water corals as a tracer for past water mass mixing in the Drake Passage of the 64 

Southern Ocean (22, 23). The Drake Passage is an area of intense mixing in the Southern Ocean 65 

which has recently attracted increasing attention (7, 8, 13, 22). Intense mixing may play a part in the 66 

observed homogeneity of the modern Nd isotope distribution in the Drake Passage (24, 25) (SI 67 

Appendix, Fig. S3), as does the reduced Nd isotope gradient between NADW and PDW in the South 68 

Atlantic/Pacific (25, 26) (SI Appendix, section 4). Consequently, any variation in Drake Passage 69 

seawater Nd isotopic compositions would suggest pronounced changes in chemical and/or physical 70 

water column structure.  71 

RESULTS 72 

The neodymium isotopic composition of Holocene Drake Passage cold-water corals 73 

Twenty-five specimens of fossil cold-water corals Desmophyllum dianthus, Caryophyllia and 74 

Flabellum curvatum from three locations in the Drake Passage (Burdwood Bank, Cape Horn and Sars 75 

Seamount; Fig. 1), and three specimens from two locations in the Pacific sector of the Southern Ocean 76 

(SI Appendix, Fig. S1), were analyzed for their Nd isotopic composition (see Methods). The Drake 77 
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Passage corals cover a depth range from 695 to 1750 m and their ages range from 11.6 ka BP (i.e. 78 

thousand years before present, where present is 1950) to modern. The specimens collected from 816 79 

m water depth at Burdwood Bank and the specimen from 1012 m water depth at Cape Horn are today 80 

bathed by Antarctic Intermediate Water (AAIW; γn
 = 27.35 ‒ 27.6 kg/m³, O2 ≈ 6.5 mL/L) (3, 4, 27) 81 

(Fig. 1b). The corals collected from 695 – 1323 m water depth at Sars Seamount are bathed by 82 

UCDW (γn = 27.6 ‒ 28.0 kg/m³, O2 ≈ 4.2 mL/L) (3, 4, 27) (Fig. 1b), while two deeper corals from 83 

Sars Seamount (1700 m and 1750 m water depth) correspond to the modern density level of LCDW 84 

(γn = 28.0 to 28.2 kg/m³, O2 ≈ 4.6 mL/L) (3, 4, 27) (Fig. 1b). While recognizing that the water mass 85 

structure of the Drake Passage may have changed in the past, we grouped the fossil corals into records 86 

of AAIW (Cape Horn, Burdwood Bank), UCDW (695 – 1323 m at Sars Seamount) and LCDW (1700 87 

– 1750 m at Sars Seamount) (Figs. 1 and 2). The South Pacific corals were included in the AAIW and 88 

UCDW records according to the water mass structure at their sampling locations (Figs. 1b and 2). 89 

Since most corals representing UCDW depths were collected from a narrow depth range of 695 – 981 90 

m at Sars Seamount, any potential bias from combining data from multiple locations or depths is 91 

minimized. All our new Nd isotope analyses were performed on corals with robust U-Th age 92 

constraints (see Methods) and the majority of our coral samples were previously analyzed for their 93 

radiocarbon content (13). Neodymium isotopes are expressed as εNd = 94 

((143Nd/144Ndsample)/(
143Nd/144NdCHUR) – 1) × 10,000, where CHUR is the chondritic uniform reservoir 95 

(see SI Appendix, Table S1). 96 

Neodymium isotopic compositions of Holocene corals range from εNd = -5.8 ± 0.2 to εNd = -8.2 ± 0.2 97 

over the past 11.6 ka (SI Appendix, Table S1). At UCDW depth levels, a pronounced maximum of εNd 98 

= -5.8 ± 0.2 was recorded at 6.8 ka BP, which is highly radiogenic in comparison to values of εNd ≈ -99 

7.4 to -8.2 during the early and late Holocene (Fig. 2). The two corals collected from deeper depths 100 

(1701 – 1750  m), where LCDW is currently the prevailing water mass (Fig. 1b), show εNd ≈ -8.2 at 101 

both 5.8 ka BP and 10.2 ka BP (Fig. 2), indicating no change from modern seawater values at these 102 

depths (εNd ≈ -8.2) (24) during the early or middle Holocene. At sites in AAIW depths, Nd isotopes 103 
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evolve from εNd = -6.5 ± 0.2 during the mid-Holocene towards a modern εNd value of -7.6 ± 0.2 (Fig. 104 

2), thus following a similar evolution to UCDW. 105 

The radiogenic Nd isotopic composition of the upper cell water masses AAIW and UCDW during the 106 

mid-Holocene is a distinct feature of our new dataset. These new upper cell data differ from a mid-107 

Holocene coral from LCDW depths in the Drake Passage and from concurrent LCDW Nd isotopic 108 

compositions in the deep South Atlantic and South Pacific (28‒30) (Fig. 2). Furthermore, the 109 

pronounced Nd isotope change recorded in these corals is distinct from the Nd isotopic composition 110 

of modern corals and seawater data from the Drake Passage (24, 25) (Fig. 2; see SI Appendix, section 111 

4).  112 

DISCUSSION 113 

The origin of the Drake Passage neodymium isotope signal 114 

The skeletons of aragonitic cold-water coral specimens in the Drake Passage were shown to record an 115 

ambient Nd isotope seawater signal (24). Nevertheless, the observed Holocene Nd isotope variability 116 

in the Drake Passage could potentially reflect a number of different processes, since seawater Nd 117 

isotopic compositions can be altered through lithogenic input from dust (34), rivers (35), boundary 118 

exchange (36), or glacial erosion (37). The effect of dust input is typically restricted to the uppermost 119 

levels of the water column (34) and is negligible in this region of the Southern Ocean (37), while 120 

modern seawater Nd isotope data indicate that there is no influence of boundary exchange on CDW 121 

within the fast-flowing ACC in the Drake Passage (24, 25). In particular, there is no observable 122 

release of Nd at the sampling locations in the modern day (24), and there is no reason to envisage 123 

more pronounced exchange during the mid-Holocene. Furthermore, a Sars Seamount coral from 124 

~1700 m water depth dating to 5.69 ± 0.27 ka BP shows εNd of -8.2 ± 0.3 compared to εNd = -6.3 ± 0.2 125 

in a coral from 869 m water depth at the same time (5.76 ± 0.06 ka BP; SI Appendix, Table S1). This 126 

two epsilon unit offset is difficult to reconcile with a local benthic source of radiogenic Nd from the 127 

seamount. Although regional input fluxes could have differed in the past, the timing of major ice-128 

sheet retreat in Antarctica (Fig. 2) (32, 33) and changes in terrestrial input from nearby potential 129 
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source areas show no correspondence to the mid-Holocene Nd isotope maximum (see also SI 130 

Appendix, section 3 and Fig. S2).  131 

We emphasize that any local imprint of radiogenic terrestrial surface input could only have been 132 

preserved if it was exported directly to the Drake Passage (i.e. a scenario in which the inputs were 133 

sufficient to alter the mass balance of UCDW in the entire Southern Ocean is unlikely). Therefore, we 134 

may consider AAIW, which is formed from Southern Ocean surface waters, as a potential candidate 135 

for delivering a local radiogenic meltwater-sourced signal to mid-depths of the Drake Passage. 136 

Indeed, the Nd isotopic compositions of UCDW and AAIW are similar during the mid-Holocene (Fig. 137 

2). However, interpreting such values as a shuttle transferring radiogenic surface waters to mid depth 138 

(i.e., both AAIW and UCDW layers) would also require (i) a significant deepening of the mixed layer 139 

down to the coral collection depth of ~900 m water depth at Sars Seamount, or (ii) a dramatic 140 

steepening of the isopycnals, or (iii) a southward oceanic frontal shift of ~3‒5° latitude in the Drake 141 

Passage to align AAIW isopycnals with the coral sampling locations within modern day UCDW (3, 4) 142 

(Fig. 1). Critically, all the above scenarios are difficult to reconcile with radiocarbon evidence from 143 

the same Drake Passage corals (13). Radiocarbon in the ocean is a function of surface ocean exchange 144 

with the atmosphere and water mass mixing and ageing at depth (38), thereby providing an 145 

independent and complementary tracer to Nd isotopes (22, 39). The mid-Holocene Nd isotope 146 

excursion is associated with poorly ventilated water masses at UCDW depths, expressed as a 147 

relatively high radiocarbon age offset between the coral and the contemporaneous atmosphere (B-148 

atm) of ~1200 years (Fig. 3). Therefore, the UCDW coral data are inconsistent with enhanced 149 

admixture of well-ventilated AAIW to UCDW depths. Instead, the mid-Holocene tracer distribution at 150 

these depth levels is consistent with the general pattern of the modern Southern Ocean overturning 151 

circulation (Fig. 1b), explaining both the similar Nd isotopic compositions of UCDW and AAIW and 152 

the offset in ventilation between these two waters masses (Fig. 3). As such, the mid-Holocene 153 

radiogenic Nd isotope excursion was recorded in two independent settings (Sars Seamount and 154 

Burdwood Bank) and its origin must lie with a radiocarbon-depleted water mass source.  155 
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Radiocarbon-depleted water masses are typically found in the deep ocean (38, 40) and hence we 156 

consider the possibility of mixing radiogenic Nd and radiocarbon-depleted waters into UCDW from 157 

below. A record from LCDW depths in the South Pacific shows invariable Nd isotopic compositions 158 

during the Holocene (εNd ≈ -8) (30) (Fig. 2), in excellent agreement with the Nd isotopic compositions 159 

recorded by our Drake Passage corals from 1701 and 1750 m water depth at Sars Seamount, and 160 

inconsistent with a LCDW origin for the radiogenic signal in the UCDW layer. We therefore conclude 161 

that the Holocene Nd isotope evolution of UCDW in the Drake Passage was primarily controlled by 162 

the lateral admixture of radiogenic Nd at UCDW depths, and that this signal was propagated along 163 

isopycnal surfaces into shallower depths during UCDW upwelling and subsequently incorporated 164 

during AAIW formation.  165 

Expansion of Pacific-derived waters into the Southern Ocean 166 

Compared to the modern day, the mid-Holocene UCDW properties show greater geochemical 167 

similarity to waters found in the mid-depth Pacific Ocean, for both Nd isotopes and radiocarbon (Fig. 168 

3). Simple endmember changes in NADW or PDW are unable to explain the Nd isotope shift in 169 

UCDW, since the mid-Holocene Nd isotopic composition of PDW was largely invariable (44), while 170 

the Nd isotope signature of NADW would need to have changed to ~-8, which is not supported by 171 

North Atlantic Nd isotope data (45). Consequently, we propose that the mid-Holocene Nd isotope 172 

shift to -5.8 in the Drake Passage records a significantly increased fraction of Nd from radiogenic 173 

PDW at UCDW depths.  174 

Given the homogeneity of Nd isotopes in the modern Drake Passage water column (Fig. 4a; see also 175 

SI Appendix, section 4), one possibility to explain our data is to invoke wholesale changes of the 176 

entire Drake Passage water column during the mid-Holocene. Although the radiogenic Nd isotope 177 

signal recorded in our corals from UCDW and AAIW depths is not seen in any LCDW records from 178 

this time (Fig. 2), the lack of high resolution LCDW data (and the age uncertainty of our mid-179 

Holocene LCDW coral sample; SI Appendix, Table S1) means that we cannot rule out that short-lived 180 

changes may have occurred in LCDW, too. However, this scenario would require an abrupt invasion 181 
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of Pacific-derived water masses at all depths and/or a substantial reduction of NADW input on 182 

centennial timescales in order to explain the large difference in εNd values recorded almost 183 

concurrently at ~5.7 ka BP in UCDW (-6.3) and LCDW (-8.2) depths (Fig. 2; SI Appendix, Table S1). 184 

Such large hydrographic changes are inconsistent with strong NADW export and the resulting 185 

unradiogenic Nd isotopic composition of LCDW in the Holocene Southern Ocean (28‒30) (Fig. 2). 186 

Moreover, considering that skeletal subsamples for Nd isotope analyses typically integrate the 187 

seawater signal of several decades (24), our observation of radiogenic values in four coral specimens 188 

retrieved from two different locations during the mid-Holocene suggests that this signal may have 189 

been a relatively persistent feature rather than a transient short-lived excursion. We therefore suggest 190 

that our data reflect changes restricted to UCDW and AAIW depths and indicate a vertical Nd isotope 191 

gradient in the Drake Passage during the mid-Holocene (Fig. 4b), which is remarkably different from 192 

the homogenous Nd isotope distribution in the modern water column (24, 25). 193 

The increased presence of PDW in the Drake Passage seems to have been closely preceded by large-194 

scale equatorward SWW intensification during the early to mid-Holocene (15‒20, 46‒48), as reflected 195 

in increased sea spray on Macquarie Island north of the Polar Front in the Southwest Pacific 196 

(54°S/158°E) (47) (Fig. 5e), enhanced moisture supply to Southeast Australia (48) (Fig. 5f), and 197 

decreasing SST off New Zealand (15). Concurrent poleward weakening of the SWW is evident from 198 

decreasing fluvial runoff in Southern Patagonia (53°S) (16) (Fig 5d), reduced upwelling of CDW on 199 

the West Antarctic shelves (19, 20), and decreasing West Antarctic air temperatures (17) (Fig. 5c). 200 

Together, these changes suggest a more northerly position of the SWW in the South Pacific during the 201 

mid-Holocene (Fig. 5g). The northward SWW migration is part of large-scale climate reorganizations 202 

expressed in a concurrent positive northern hemispheric extra-tropical temperature anomaly (Fig. 5a), 203 

which has been ascribed to orbital forcing modulated by snow, ice, vegetation, and ocean circulation 204 

feedbacks (49). Here we postulate that SWW forcing played an important role in setting the Drake 205 

Passage water column structure, and hence the Nd isotope fingerprint, during the Holocene.  206 

Poleward SWW weakening can reduce the wind forcing over the ACC, in particular where the zonal 207 

ACC flow is constrained by topography (1, 3, 51). Such a reduction is dynamically coupled to 208 
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diapycnal mixing in the Southern Ocean water column, including between UCDW and LCDW (8). 209 

Recent model results highlight the role of Southern Ocean diapycnal mixing for the structure of the 210 

Atlantic overturning circulation (52), while other simulations indicate a pronounced reorganization of 211 

the overturning circulation in the Pacific in connection with SWW changes (51, 53). Reduced SWW 212 

forcing was shown to decrease upwelling of NADW in the Southern Ocean and enhance upwelling of 213 

NADW-influenced deep waters (via diapycnal mixing) in the Indo-Pacific (51). Deep water upwelling 214 

rates in the Pacific are slow, but these waters are funneled via the PDW outflow into the Southern 215 

Ocean, where they join the circumpolar flow predominantly at UCDW depth levels (1, 2, 27) (Fig. 216 

1b). We therefore propose that poleward SWW weakening caused a decrease of diapycnal mixing in 217 

the deep Southern Ocean, which was offset by increased upwelling in the Pacific basin, thereby 218 

fueling enhanced PDW export to the Drake Passage. The combination of these processes resulted in 219 

the observed vertical Nd isotope gradient in the Drake Passage water column between ~7 and 6 ka BP 220 

(Fig. 4b).  221 

This hypothesis is supported by reduced oxygenation at intermediate water depths off Chile (50) (Fig. 222 

5b) and the presence of depleted radiocarbon within PDW off New Zealand (B-atm ≈ 2,100 years at 7 223 

ka BP) (54), which are both consistent with a southwards expansion of poorly ventilated PDW during 224 

the mid-Holocene and an enhanced influence of PDW in the Drake Passage. While there are few well-225 

resolved Nd isotope records from intermediate waters during the Holocene, a reconstruction from 226 

AAIW depths in the Southwest Atlantic shows a small mid-Holocene excursion towards more 227 

radiogenic Nd isotope values (31) (Fig. 2), consistent with our observations from the Drake Passage. 228 

Given the more pronounced changes recorded by the UCDW corals in the Drake Passage, and their 229 

more Pacific-like Nd isotopic compositions, we suggest that changes in the Nd isotopic composition 230 

of UCDW originated through increased PDW influence in the Pacific sector of the Southern Ocean 231 

and were advected downstream to exert a control on the Holocene evolution of Nd isotopes in South 232 

Atlantic AAIW (Fig. 1b).  233 

Interestingly, many proxy data including the interhemispheric temperature distribution (49) (Fig. 5a), 234 

expansion of PDW in the Southeast Pacific (50) (Fig. 5b), and the poleward SWW weakening in 235 
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Patagonia (16) (Fig. 5d) show rather gradual changes over the early to mid-Holocene, whereas the 236 

change in Nd isotopic composition of UCDW seems relatively abrupt and delayed in comparison (Fig. 237 

5i). The abrupt nature of the Nd isotope pattern is more similar to SWW strength in the Southwest 238 

Pacific (47) (Fig 5e) and precipitation changes in Southeast Australia (48) (Fig. 5f). Rapid Nd isotope 239 

shifts in the Drake Passage suggest that diapycnal mixing in the Southern Ocean and PDW export into 240 

UCDW can change on relatively short time scales, possibly in response to latitudinal SWW changes 241 

across a critical threshold. Furthermore, they also relate to the unique ability of the cold-water coral 242 

archive to record abrupt oceanographic changes (39). 243 

During the late Holocene, the Nd isotope values of UCDW corals are within error of modern seawater 244 

values at the coral sampling locations (24) (Fig. 5i). These modern-like values coincide with reduced 245 

activity of the SWW at their equatorward flank and intermediate intensity near their modern core 246 

latitudes in the Southwest Pacific (18, 46‒48) (Fig. 5e,f). However, invariable organic carbon fluxes 247 

suggest that the SWW did not reach their early Holocene maximum intensity in southernmost Chile 248 

(16) (Fig. 5d). Hence, the intermediate position/intensity of the SWW during the late Holocene (Fig. 249 

5g) may indicate a characteristic boundary condition required for the modern state of circulation and 250 

mixing in the deep Southern Ocean. Such atmospheric forcing could have played an important role in 251 

reinforcing Southern Ocean deep mixing and CO2 degassing, which is indicated by the coincidence of 252 

SWW changes, the presence of CO2-rich PDW in the Southern Ocean, and the mid-Holocene turning 253 

point in the evolution of atmospheric CO2 (55, 56) (Fig. 5h). Poleward intensification of the SWW 254 

under projected future global warming scenarios (57) would be expected to play a role in further 255 

release of accumulated CO2 to the atmosphere (9‒11), thus acting as an amplifier of the anthropogenic 256 

increase of atmospheric CO2. 257 

 258 

METHODS 259 

All cold-water coral samples presented in this study were subjected to rigorous physical and chemical 260 

cleaning to remove any contaminant trace metal rich phases from the aragonitic coral skeletons. 261 
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Samples were then processed for U-series dating and Nd isotope analyses following previously 262 

established procedures (see SI Appendix, section 2 for full details). The Nd isotope analyses were 263 

carried out using a Thermo ScientificTM TritonTM TIMS and a Nu Plasma II MC-ICP-MS in the 264 

MAGIC laboratories at Imperial College London, and a Thermo ScientificTM Neptune PlusTM MC-265 

ICP-MS at the Institute for Chemistry and Biology of the Marine Environment (ICBM) in Oldenburg 266 

(see SI Appendix, section 2 for full details of analytical protocols and data processing). 267 

Intercalibration between the different mass spectrometers was achieved using internal and external 268 

reference materials. All data are reported with the long term 2SD uncertainties calculated from repeat 269 

analyses of reference materials. Where the internal 2SE exceeded the 2SD external uncertainty, the 270 

propagated uncertainty is reported (SI Appendix, Table S1). 271 
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Figure Legends 

 

Figure 1: Sample locations of Southern Ocean cold-water corals. (a) Map of Drake Passage coral sampling 

locations at Sars Seamount (red), Cape Horn and Burdwood Bank (blue). White line demarks section shown in 

(b). Thin gray and black lines indicate the mean positions of the Subantarctic Front (SAF), the Polar Front (PF) 

and the Southern ACC front (SACC) (3). (b) Oxygen concentration section across the Drake Passage (4). 

Pacific Southern Ocean (blue filled circle and red filled square) and Cape Horn (blue filled square) sampling 

locations were transferred into the Drake Passage section density structure relative to the mean frontal positions. 

All other symbols indicate Sars Seamount and Burdwood Bank sampling locations (SI Appendix, Table S1). 

Symbol color coding according to the modern water mass structure in red (UCDW), green (LCDW) and blue 

(AAIW). Thin black lines indicate surfaces of neutral density anomaly γn (in kg/m³) (5). Black arrows indicate 

the Southern Ocean overturning circulation, i.e. the direction of upwelling deep waters and downwelling 

intermediate and bottom waters north and south of the PF, respectively. Note the PDW-derived O2 minimum at 

UCDW depths. Base map and oxygen section were generated with ODV software (6). 

 

Figure 2: Results from Holocene Southern Ocean cold-water corals. New cold-water coral Nd isotope 

results from the Drake Passage (including <0.5 ka BP coral data from ref. 24) and the South Pacific. Also shown 

for comparison are previously published Nd isotope records from South Atlantic LCDW/AABW (gray shading) 

cores TNO57-21 (4981 m water depth; site 8) (gray triangles) (28) and MD07-3076 (3770 m water depth; site 7) 

(gray circles) (29), South Pacific LCDW core PS75/073-2 (3234 m water depth; site 3) (green shading; not 

including measurements with analytical uncertainty >1 epsilon unit) (30), and South Atlantic AAIW core 

GeoB2107-3 (1048 m water depth; site 6) (light blue shading) (31). Site numbers refer to locations shown in SI 

Appendix, Fig. S1. The gray bar at the y-axis represents the 2SD range of Burdwood Bank and Sars Seamount 

seawater Nd isotopic compositions (γn
 = 26.93 ‒ 28.23 kg/m³, Nd = -8.1 ± 0.5, 2SD, n = 18; see also SI 

Appendix, Fig. S3) (24). The green bar indicates the early Holocene phase of major grounding line retreat of ice 

sheets in the Pacific sector of Antarctica (32, 33). 

 

Figure 3: Drake Passage cold-water coral data in radiocarbon – Nd isotope space. The benthic-atmosphere 

(B-atm) radiocarbon age offsets were calculated using 14Catmosphere age of 0 years (1950 AD) for the modern 

seawater values (40, 41). For past B-atm ages, we used coral 14C ages (13) and IntCal13 atmospheric 14C ages at 

the calendar age of each coral (41). The dashed gray rectangle in the inset figure indicates the modern Drake 

Passage seawater properties (24, 40). The dashed line shows a hypothetical conservative mixing calculation 

between modern NADW and PDW, with white dots indicating 10 % intervals. Endmembers in the mixing 

calculation are modern NADW (εNd = -13.2, [Nd] = 17.6 pmol/kg, B-atm = 500 years, DIC = 2160 µmol/kg) 

(40, 42) and PDW (εNd = -3.5, [Nd] = 44.4 pmol/kg, B-atm = 2100 years, DIC = 2350 µmol/kg) (40, 43). 
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Figure 4: Vertical distribution of Nd isotopes in the modern and past Drake Passage. (a) Late Holocene 

coral data for AAIW (blue triangles) and UCDW (red circle) (<1.1 ka BP) (24) and foraminifera-derived data 

for South Pacific LCDW (green circle) (30) compared to modern seawater profiles from Sars Seamount (filled 

gray circles) and Burdwood Bank (filled gray triangles) framed by light gray bar (Nd = -8.1 ± 0.5, 2SD, n = 18, 

see also Fig. 2) ) (24). (b) Older Holocene coral data (filled colored symbols) compared to light gray bar 

integrating modern seawater and coral data from (a) (Nd = -8.0 ± 0.6, 2SD, n = 23) (24). Dark gray polygon 

frames the mid-Holocene coral results (thick black outline; 6.8 to 5.8 ka BP) and concurrent LCDW data from 

the South Pacific (30). 

 

Figure 5: Drake Passage water mass mixing compared to Holocene climate parameters. All site numbers 

refer to locations shown in SI Appendix, Fig. S1. (a) Interhemispheric extra-tropical temperature anomaly, 

where positive values represent Northern Hemisphere positive anomalies and vice versa (49). (b) Excess 

rhenium (XSRe) from 1015 m water depth off Chile, located at hinge depth between high O2 (AAIW) and low O2 

(PDW) (site 5) (50). (c) Antarctic Peninsula deuterium isotope-based temperature record from James Ross 

Island (note reversed axis) (site 10) (17). (d) Accumulation rate of terrestrial organic carbon in a Patagonian 

fjord, recording SWW-induced fluvial input (site 4) (16). (e) Diatom-inferred conductivity as a tracer for SWW-

controlled sea spray on Macquarie Island north of the PF (site 2) (47). (f) Depth of Southeast Australian Lake 

Gnotuk, indicative of SWW-driven precipitation – evaporation (P-E) balance (site 1) (48). (g) Summary panel of 

the latitudinal SWW trends, with peak northward intensity between ~7.5 and 5.5 ka BP highlighted by the 

yellow shading (15‒20, 46‒48). (h) EPICA Dome C (EDC) ice core CO2 record (11-point running mean) (site 

13) (55, 56). (i) Drake Passage Nd isotope data from UCDW (red), LCDW (green) and AAIW depths (blue) 

(this study and <0.5 ka BP coral data from ref. 5). Gray bar at the y-axis represents the range of modern local 

seawater Nd isotopic compositions (see caption of Fig. 2 for details) (24). Thick colored lines in (c), (e) and (f) 

are 3-point running means of the respective datasets. 
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1. Overview map and details of sample locations discussed in the main text 

 

Figure S1: Overview map with coral sampling locations and locations of important literature datasets 
discussed in this study. Southern Ocean fronts are indicated by black and gray lines: Subantarctic Front 
(SAF), Polar Front (PF) and the southern ACC front (SACC) (1). Global deep water Nd isotope systematics 
represented by NADW (εNd ≈ -13) (2), PDW (εNd ≈ -3.5) (3) and CDW (εNd ≈ -8) (4, 5). Stippled black box 
indicates main coral sampling locations in the Drake Passage as in Fig. 1 of the main text. Colored symbols: 
cold-water coral sampling locations in the Drake Passage and in the Pacific Southern Ocean (Table S1); red 
(blue) colors: currently bathed in CDW (AAIW). White dots indicate the locations of literature data included 
in Figs. 2 and 5 of the main text and in Fig. S2 below. (1) Southeastern Australian Lake Gnotuk (11). (2) 
Diatom-inferred conductivity record from Macquarie Island (12). (3) South Pacific Nd isotope data from core 
PS75/073-2 (3234 m water depth) (13). (4) Accumulation rates of siliciclastic material and terrestrial organic 
carbon in southern Patagonian fjord core TM1 (14). (5) Southeast Pacific rhenium data from ODP Site 1234 
(1015 m water depth) (15). (6) South Atlantic AAIW Nd isotope record from core GeoB2107-3 (1048 m 
water depth) (16). (7) South Atlantic Nd isotope data from core MD07-3076 (3770 m water depth) (17). (8) 
Cape Basin Nd isotope data from core TNO57-21 (4981 m water depth) (18). (9) Scotia Sea magnetic 
susceptibility () record from core MD07-3134 (3663 m water depth) (19). (10) James Ross Island ice core 
deuterium isotope record (20). (11) Palmer Deep diatom oxygen isotope record from ODP Site 1098 (1012 m 
water depth) (21). (12) Titanium records from Amundsen Sea Embayment cores PS75/160-1 (337 m water 
depth) and PS75/167-1 (526 m water depth) (22). (13) EPICA Dome C CO2 record (23, 24). Base map 
generated with ODV software (25). 

 

2. Sample preparation and analytical procedures 

The majority of Nd isotope analyses on the Drake Passage corals were carried out by thermal 

ionization mass spectrometry (TIMS) in the MAGIC laboratories at Imperial College London using a 

Thermo ScientificTM TritonTM TIMS, following ref. 10. In brief, physically and chemically cleaned 

cold-water coral samples were subjected to iron (Fe) co-precipitation to concentrate trace metals, 

followed by uranium (U) and thorium (Th) separation by ion exchange chromatography for U-series 

dating (6). The Nd fraction was collected during U-Th chemistry and Nd was extracted for TIMS Nd 

isotope analyses as NdO+ using a two-step column chemistry. Reported Nd concentration data were 

generated by doping with a 150Nd spike solution before Nd separation, and are therefore minimum 

values, not accounting for Nd loss during Fe co-precipitation and U-Th separation (5, 10). Over a 

 SAF 

PF 

SACC 
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period of 26 months, 5 and 15 ng loads of pure JNdi-1 were analyzed (143Nd/144Nd = 0.512105 ± 

0.000009, 2SD, n = 110) to monitor instrumental offset and normalize mass bias corrected 143Nd/144Nd 

ratios of samples to the reference ratio of 143Nd/144Nd = 0.512115 ± 0.000007 (8). Rock reference 

material BCR-2 was processed with every batch of chemistry and yielded JNdi-1 normalized 
143Nd/144Nd ratios of 0.512637 ± 0.000011 (2SD, n = 32) on loads of 10 and 30 ng Nd, identical to 
143Nd/144Nd = 0.512637 ± 0.000006 published by ref. 26. A similar precision was obtained from 

replicate analyses of 10 and 30 ng Nd loads of our in-house coral reference material (143Nd/144Nd = 

0.512336 ± 0.000009, 2SD, n = 23) (27). We report the higher 2SD uncertainty from repeat BCR-2 

analyses as 2SD for all our samples in Table S1, text descriptions and figures. Exceptions were made 

for sample analyses where the within-run 2SE was higher than the 2SD of BCR-2 repeat analyses. For 

such samples the propagated error is reported (see Table S1). Full procedural blanks of combined U, 

Th, and Nd separation from aragonitic matrix ranged from 2 to 27 pg Nd (n = 20). The Nd blank of the 

Nd chemistry alone ranged from 1 to 17 pg (n = 10) (see also ref. 5).  

Five Drake Passage corals underwent cleaning and U-Th chemistry as above, and were then prepared 

for Nd isotope analysis by multi-collector inductively-coupled plasma mass spectrometry (MC-ICP-

MS). The rare earth element fraction was separated using cation exchange resin (200 ‒ 400 m mesh), 

and the Nd fraction was isolated using Eichrom Ln spec® resin (50 ‒ 100 m mesh) on volumetrically 

calibrated columns following refs. 10 and 28, respectively.  Neodymium isotope analyses of four of 

these specimens were carried out in the MAGIC laboratories using a Nu Plasma 2 in static mode. 

Interference of 144Sm on 144Nd was corrected for (although this correction was negligible) and mass 

bias correction was performed using the exponential law and 146Nd/144Nd = 0.7219. Sample 

measurements at 10 ‒ 20 ppb (~6 ‒ 12 ng Nd) were bracketed by concentration-matched JNdi-1 Nd 

isotope standards and sample ratios were corrected for instrumental offset of session-average JNdi-1 

values from the accepted value of 143Nd/144Nd = 0.512115 ± 0.000007 (8). The reported external 

reproducibility was calculated as the within-session 2SD on those standards (Table S1, text description 

and figures). Over the course of the measurements, accompanying analyses (also at 10 ‒ 20 ppb) of 

BCR-2 rock reference material gave 143Nd/144Nd = 0.512641 ± 0.000013 (2SD, n = 11) and our in-

house coral reference material yielded 143Nd/144Nd = 0.512337 ± 0.000013 (2SD, n = 5), both in 

excellent agreement with the TIMS values above.  

Coral DH117-Cc-244 was analyzed at the Institute for Chemistry and Biology of the Marine 

Environment (ICBM) in Oldenburg using a Thermo Scientific Neptune Plus MC-ICP-MS. Direct 

interference of 144Sm was corrected for (although this correction was negligible) and mass bias 

correction was performed using the exponential law and 146Nd/144Nd = 0.7219. Reference material 

JNdi-1 was analyzed at 10 ppb Nd to monitor instrumental offset and to normalize mass bias corrected 
143Nd/144Nd ratios of samples and secondary reference materials to 143Nd/144Nd = 0.512115 ± 0.000007 

(8). Repeat analyses of concentration-matched BCR-2 rock reference material yielded 143Nd/144Nd of 
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0.512645 ± 0.000014 (2SD, n = 6) and an unknown coral yielded 0.512039 ± 0.000018 (2SD, n = 6), 

which is reported as the 2SD for this sample (Table S1, text description and figures). A single analysis 

of ~3 ng Nd (diluted to ~7 ppb) of the MAGIC in-house coral reference material yielded 0.512333 ± 

0.000019 (2SE). Full procedural blanks of MC-ICP-MS samples including combined U, Th, and Nd 

separation ranged from 3 to 16 pg Nd (n = 5), while Nd chemistry blanks ranged from 1 to 10 pg (n = 

5). 

Neodymium isotope analyses of three South Pacific cold-water coral samples were carried out at 

Lamont-Doherty Earth Observatory (Table S1). These samples were subjected to physical and 

chemical cleaning procedures as outlined by refs. 29 and 30, and then processed through anion 

exchange chemistry for U-series dating (29, 31, 32). In brief, after Fe co-precipitation the rare earth 

elements were separated with Eichrom TRU spec® resin and Nd was subsequently isolated using α-

HIBA and Biorad® AG50W-X4 (200 ‒ 400 mesh) cation exchange resin. Samples were loaded with Si 

gel for NdO+ analyses on a VG Sector 54-30 TIMS using dynamic multicollection. Mass bias was 

corrected for by using 146Nd/144Nd = 0.7219. All samples were corrected for instrumental offset by 

normalizing to a La Jolla value of 143Nd/144Nd = 0.511859 ± 0.000007 (33). Repeated analyses of 5 

and 35 ng La Jolla Nd standards resulted in average 143Nd/144Nd = 0.511858 ± 0.000016 (n = 5) and 
143Nd/144Nd = 0.511856 ± 0.000020 (n = 8) for two analytical sessions, which was applied as 2SD 

external uncertainty. Where the internal 2SE exceeded the 2SD external uncertainty, the propagated 

uncertainty is reported (Table S1).  

 

3. Holocene changes in lithogenic input fluxes 

 

The modern Drake Passage seawater Nd isotopic compositions show no sign of an overprint from 

local lithogenic input fluxes (see refs. 4, 5 and 34‒37), but past changes in input fluxes could provide a 

potential explanation for the mid-Holocene Nd isotope excursion recorded by cold-water corals in the 

Drake Passage. However, the timing of changes in siliciclastic inputs from Patagonia (14) (Fig. S2a) 

and dust inputs to the Scotia Sea (19) (Fig. S2b) show no correspondence to the mid-Holocene Nd 

isotope excursion.  

Alternatively, accelerated glacial erosion of radiogenic West Antarctic bedrock (38) could have 

supplied freshly ground sediments with radiogenic Nd isotopic compositions to the Southern Ocean 

shelves, potentially influencing seawater compositions (35). Geological reconstructions from the 

Antarctic Peninsula and the Bellingshausen, Amundsen, and Ross Sea regions indicate that ice retreat 

from the shelf edge was fastest during the deglaciation and early Holocene, with grounding lines 

reaching inner shelf positions by ~8 ka BP (39, 40) (Fig. S2). Glacier thinning continued during the 

mid and late Holocene in many parts of the Antarctic ice sheet, including the Ross Sea, the Amundsen 

Sea and the Weddell Sea areas (41‒44). However, we do not consider that such thinning could have 
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exerted the major control on UCDW Nd isotopic compositions for several reasons. First, the major 

early Holocene grounding line retreat is not reflected in our coral record or other Southern Ocean Nd 

isotope records (i.e. absence of a pronounced radiogenic fingerprint in the early Holocene; Fig. S2e). 

Second, meltwater and lithogenic input proxies do not show pronounced anomalies for the Antarctic 

Peninsula or the Amundsen Sea shelves during the mid-Holocene (21, 22) (Fig. S2c,d). Third, mid-

Holocene glacier thinning (41‒44) was of a similar magnitude to modern-day thinning rates (45), yet 

modern seawater in the Drake Passage (4, 5) carries a similarly unradiogenic Nd isotope signal to our 

reconstructions for the early and late Holocene, and is distinct from the values recorded during the 

mid-Holocene excursion (Fig. S2e). Therefore, the existing evidence suggests that the timing and/or 

magnitude of changes in local lithogenic input fluxes are unsuitable to explain the mid-Holocene Nd 

isotope shift of ~two epsilon units in the Drake Passage (Fig. S2). 

 
Fig. S2: Southern Ocean cold-water coral Nd isotope data compared to regional input tracers. All site 
numbers refer to locations shown in Fig. S1. (a) Input of siliciclastic material to southern Patagonian fjord core 
site TM1 (52.89°S/73.78°W) (site 4) (14). (b) Magnetic susceptibility () record from Scotia Sea core MD07-
3134 (59.41°S/41.47°W), serving as a proxy for (predominantly) dust input (site 9) (19). (c) Diatom oxygen 
isotope data from ODP Site 1098 (64.86°S/64.21°W) as an indicator of meltwater fluxes on the Antarctic 
Peninsula shelf (site 11) (21). (d) Amundsen Sea Embayment shelf records of lithogenic input tracer titanium 
(Ti) from cores PS75/160-1 (74.56°S/102.62°W) and PS75/167-1 (74.62°S/105.80°W) (site 12) (22). (e) New 
cold-water coral Nd isotope results from the Holocene South Pacific and Drake Passage (including coral data 
from <0.5 ka BP from ref. 5). The gray bar at the y-axis represents the 2SD range of Sars Seamount and 
Burdwood Bank seawater Nd isotopic compositions  (γn = 26.93 ‒ 28.23 kg/m³, Nd = -8.1 ± 0.5, 2SD, n = 18, 
see also Fig. S3) (5). The green bar indicates the early Holocene phase of major grounding line retreat of ice 
sheets in the Pacific sector of Antarctica (39, 40). 
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4. Suitability of the Drake Passage as a location for Nd isotope-based reconstructions of 
past water mass sourcing 
 

The modern Drake Passage is characterized by relatively homogeneous seawater Nd isotopic 

compositions, implying that Nd isotopes are unable to resolve water mass differences in the modern 

Drake Passage water column (4, 5) (Fig. S3; main text Figs. 1 and 4). This homogeneity is presumably 

related to the modern conditions of strong mixing (isopycnal and diapycnal; see also main text), in 

combination with a relatively weak gradient in Nd isotopes between deep water masses entering the 

Southern Ocean from the South Atlantic and South Pacific (4, 47‒50). This observation also holds for 

other areas of the Southern Ocean (51), but raises a question over the suitability of the Drake Passage 

location for tracing past changes in water mass sourcing using Nd isotopes. Finding a comprehensive 

explanation to the modern homogeneity of Nd isotopes in the Drake Passage will be the subject of 

future work, but existing observations supporting the suitability of the Drake Passage for Nd isotope 

based investigations of past water mass mixing are expanded on below. 

 

Fig. S3: Seawater Nd isotope profiles at the Drake Passage coral sampling locations. Burdwood Bank 
(black filled triangles) and Sars Seamount (black filled circles) seawater Nd isotope data from reference (5). 
Depths of Burdwood Bank and Sars Seamount coral sampling locations indicated by white dashed boxes (see 
also main text Fig. 1b). The oxygen section was generated with ODV software (6) using the WOCE 
hydrography (46). 

 

The ability of a tracer to distinguish water masses (i.e. UCDW and LCDW) in the Southern Ocean 

depends on the tracer gradient entering the Southern Ocean. The global water mass endmembers for 

dissolved Nd isotopes are NADW (εNd ≈ -13) and PDW (εNd ≈ -3.5) (2, 3). However, the fingerprints 

of NADW and PDW change markedly along their advective pathways. In the narrow tongue of 

NADW at around 2500 m water depth at 45°S in the South Atlantic, the Nd isotopic composition is ~-

10 (4, 48). The Nd isotopic composition of PDW in the southeastern Pacific is ~-6 at 40°S (49) and ~-

7 at 55°S just north of the Subantarctic Front (50). The average Nd isotopic composition of UCDW 
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from all published Southern Ocean data is εNd = -8.2 ± 0.9 (2SD, n = 41) and that of LCDW is εNd = -

8.4 ± 1.6 (2SD, n = 117) (51). Our prediction would be that higher resolution and precision for water 

column data could potentially tease apart Nd isotope differences between the Atlantic and Pacific 

sectors of the Southern Ocean, and between UCDW and LCDW levels, but this possibility remains 

elusive with the existing data coverage. 

Furthermore, the reduced gradient of modern source water characteristics upon entry into the Southern 

Ocean is evident from multiple tracers and is not a feature unique to seawater Nd isotopes. For 

example, the oxygen concentrations of the North Atlantic and North Pacific endmembers, NADW (~6 

mL/L) and PDW (~2-3 mL/L), change progressively with southward advection, resulting in a 

relatively small difference between UCDW (~4.2 mL/L) and LCDW (~4.6 mL/L) in the Southern 

Ocean (1, 46, 52). Other well-used paleoceanographic tracers such as radiocarbon are also unable to 

efficiently resolve differences between UCDW and LCDW in the modern Drake Passage (53). 

Nevertheless, coral-based radiocarbon records provide important insights into past oceanographic 

changes in the Drake Passage (6). Therefore, pronounced departures from the modern Nd isotope 

distribution in the Drake Passage provide a valuable opportunity to study past ocean circulation 

dynamics in the Southern Ocean.  

In the main text, we point out the possibility that the departure from the modern water column Nd 

isotopic composition during the mid-Holocene could reflect rapid transient changes of the entire 

Southern Ocean water column. This idea builds upon the homogeneous Nd isotope distribution in the 

modern Drake Passage (Fig. S3) and makes the assumption that this distribution is an inherent feature 

of the Drake Passage water column. In general, the coral archive has the capacity to resolve rapid 

changes of seawater chemistry beyond what is recorded in most sediment cores (54). Taking into 

account the age uncertainties of the mid-Holocene coral specimens (Table S1) and the relatively low 

resolution of available Holocene sedimentary records of LCDW Nd isotopes (13), we cannot 

unambiguously preclude that rapid transient Nd isotope changes affected the whole water column in 

the Drake Passage (i.e. including LCDW). However, considering the relatively large sample size of the 

four mid-Holocene specimens from UCDW (0.62 and 1.04 g) and AAIW (0.64 and 0.67 g) (5), and a 

growth rate for D. dianthus of 0.5 to 2 mm/yr (55), we suggest that each sample likely integrates the 

seawater signal over a few decades to at most a century. Hence, our observation of radiogenic Nd 

isotope values in four corals retrieved from two different locations during the mid-Holocene is 

difficult to reconcile with recurring rapid short-lived Nd isotope fluctuations of the entire water 

column, while Nd isotope data from LCDW depths do not show any sign of an enhanced influx of 

radiogenic Nd (13, 17, 18) (see also main text Fig. 2). Therefore, rapid and transient changes of the 

entire Drake Passage water column, and in particular of LCDW, seem inconsistent with both available 

paleoceanographic datasets (13, 17, 18) and the pattern and timescales of the global deep circulation 

(56, 57).  
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Table S1: Holocene cold-water coral data.  

Coral ID  Water 
depth (m)  Latitude  Longitude  Location  Species 

238U
(ng/g)  2sa 

232Th 
(pg/g) 2s  δ234Ui  2s  Age 

(ka BP) 2s  143Nd/144Ndb 2SEc  εNd
d  2SE 2SDe  Nd 

(ng/g)f 

AAIW (γn = 27.35 – 27.6 kg/m³)                                                          

NBP0805‐TB04‐Dp‐A‐3*  816  ‐54.734  ‐62.216 B. Bank D. dianthus 3088 10 43 3  146.8  0.6 0.01 0.01 0.512247 0.000006 ‐7.63 0.11 0.21 6.7
NBP0805‐TB04‐Modern Flabellum*  816  ‐54.734  ‐62.216 B. Bank F. curvatum 4893 15 81 3  146.5  0.6 0.01 0.01 0.512248 0.000004 ‐7.61 0.07 0.21 152.2
NBP0805‐TB04‐BigBeautyA*  816  ‐54.734  ‐62.216 B. Bank D. dianthus 4539 14 117 2  145.9  0.6 0.41 0.02 0.512248 0.000008 ‐7.60 0.15 0.21 7.2
NBP0805‐TB04‐BigBeautyA Nd repl.*  816  ‐54.734  ‐62.216 B. Bank D. dianthus ‐ ‐ ‐ ‐ ‐  ‐ ‐ ‐ 0.512252 0.000012 ‐7.53 0.23 0.31

+
5.4

NBP0805‐TB04‐Dn‐A‐12  816  ‐54.734  ‐62.216 B. Bank D. dianthus 3126 10 3237 13  148.1  0.7 3.54 0.80 0.512302 0.000007 ‐6.56 0.13 0.21 98.1
NBP0805‐TB04‐Dn‐A‐11  816  ‐54.734  ‐62.216 B. Bank D. dianthus 3646 12 784 3  147.2  0.7 4.58 0.17 0.512280 0.000003 ‐6.98 0.07 0.21 87.9
NBP1103‐DH134‐Fc‐543

#
  1012  ‐57.166  ‐67.103 C. Horn F. curvatum 4072 8 508 2  149.3  1.0 5.27 0.15 0.512269 0.000011 ‐7.19 0.22 0.26 ‐

NBP0805‐TB04‐Dn‐A‐13  816  ‐54.734  ‐62.216 B. Bank D. dianthus 3921 13 175 3  147.0  0.7 5.82 0.04 0.512310 0.000007 ‐6.40 0.13 0.21 9.3
NBP0805‐TB04‐Dn‐D‐6  816  ‐54.734  ‐62.216 B. Bank D. dianthus 3744 12 186 1  150.5  0.7 6.41 0.05 0.512307 0.000004 ‐6.46 0.07 0.21 24.3

UCDW (γ
n
 = 27.6 – 28.0 kg/m³) 

NBP0805‐DR40‐Dc‐A‐1  1323  ‐59.732  ‐68.933 Sars D. dianthus 3680 11 252 2  145.1  0.7 1.08 0.05 0.512219 0.000007 ‐8.17 0.14 0.21 57.2
NBP0805‐DR35‐Dc‐A‐1  695  ‐59.723  ‐68.881 Sars D. dianthus 3723 14 120 2  146.0  0.8 1.65 0.03 0.512250 0.000007 ‐7.56 0.13 0.21 10.9
NBP0805‐DR35‐Dc‐A‐1 full repl.  695  ‐59.723  ‐68.881 Sars D. dianthus 4163 27 159 1  145.8  1.3 1.69 0.03 0.512260 0.000007 ‐7.38 0.15 0.21 23.8
NBP1103‐DH117‐Cc‐244

#
  981  ‐59.764  ‐68.936 Sars Caryophyllia 3316 7 632 3  149.2  1.0 4.10 0.22 0.512244 0.000010 ‐7.69 0.19 0.28 ‐

NBP1103‐DH117‐Dc‐13
#
  981  ‐59.764  ‐68.936 Sars D. dianthus 3593 7 126 1  149.0  1.2 5.52 0.05 0.512333 0.000019 ‐7.83 0.36 0.36 ‐

NBP0805‐DR34‐Dc‐A‐2  869  ‐59.733  ‐68.743 Sars D. dianthus 4089 22 233 1  149.4  1.1 5.76 0.06 0.512315 0.000004 ‐6.30 0.08 0.21 90.2
NBP0805‐DR34‐Dc‐A‐1  869  ‐59.733  ‐68.743 Sars D. dianthus 3875 12 313 1  150.9  0.7 6.80 0.07 0.512341 0.000004 ‐5.79 0.09 0.21 75.9
NBP0805‐DR35‐Dc‐C‐2  695  ‐59.723  ‐68.881 Sars D. dianthus 4191 19 184 1  153.3  1.0 7.64 0.06 0.512269 0.000006 ‐7.19 0.11 0.21 15.3
NBP0805‐DR35‐Dc‐D‐4  695  ‐59.723  ‐68.881 Sars D. dianthus 4062 13 224 1  150.5  0.7 10.08 0.06 0.512250 0.000006 ‐7.56 0.12 0.21 36.0
NBP0805‐DR35‐Dc‐D‐5  695  ‐59.723  ‐68.881 Sars D. dianthus 3918 14 323 4  150.6  0.8 10.20 0.08 0.512250 0.000004 ‐7.57 0.08 0.21 47.0
NBP1103‐DH95‐Cc‐143

#
  776  ‐59.729  ‐68.899 Sars Caryophyllia 3542 16 250 1  149.7  2.0 10.27 0.11 0.512253 0.000011 ‐7.52 0.22 0.31 ‐

NBP0805‐DR35‐Dc‐D‐1  695  ‐59.723  ‐68.881 Sars D. dianthus 4506 16 157 8  149.3  0.8 11.06 0.07 0.512245 0.000008 ‐7.66 0.15 0.21 27.3
NBP0805‐DR35‐Dc‐D‐3  695  ‐59.723  ‐68.881 Sars D. dianthus 4312 14 226 8  148.6  0.7 11.08 0.07 0.512245 0.000004 ‐7.67 0.09 0.21 39.7
NBP0805‐DR35‐Dc‐B‐1a   695  ‐59.723  ‐68.881 Sars D. dianthus 5852 21 335 2  147.8  0.8 11.32 0.07 0.512216 0.000005 ‐8.24 0.10 0.21 22.5
NBP0805‐DR35‐Dc‐B‐1b full repl.  695  ‐59.723  ‐68.881 Sars D. dianthus 4713 16 393 5  147.3  0.7 11.19 0.08 0.512239 0.000005 ‐7.79 0.09 0.21 44.6
NBP0805‐DR35‐Dc‐A‐2c  695  ‐59.723  ‐68.881 Sars D. dianthus 3887 14 551 2  149.9  0.8 11.31 0.12 0.512257 0.000005 ‐7.43 0.09 0.21 91.4
NBP0805‐DR35‐Dc‐C‐1b  695  ‐59.723  ‐68.881 Sars D. dianthus 4259 14 302 2  148.3  0.7 11.35 0.08 0.512247 0.000005 ‐7.62 0.09 0.21 28.1
NBP0805‐DR35‐Dc‐C‐1b chem. repl.  695  ‐59.723  ‐68.881 Sars D. dianthus 4427 16 304 1  147.2  0.8 11.40 0.08 0.512247 0.000005 ‐7.62 0.09 0.21 23.1
NBP0805‐DR38‐Dc‐A‐1  978  ‐59.743  ‐68.898 Sars D. dianthus 6026 22 916 3  146.2  0.8 11.55 0.13 0.512218 0.000005 ‐8.20 0.09 0.21 51.1
NBP0805‐DR39‐Dc‐A‐1  798  ‐59.729  ‐68.901 Sars D. dianthus 6545 27 1040 4  147.3  0.9 11.52 0.14 0.512234 0.000006 ‐7.89 0.12 0.21 53.1
NBP0805‐DR35‐Dc‐E‐1  695  ‐59.723  ‐68.881 Sars D. dianthus 4234 14 788 3  150.4  0.8 11.60 0.16 0.512245 0.000005 ‐7.66 0.10 0.21 76.1
NBP0805‐DR35‐Dc‐E‐1 chem. repl.  695  ‐59.723  ‐68.881 Sars D. dianthus 4949 17 650 2  147.3  0.8 11.64 0.11 0.512227 0.000009 ‐8.02 0.18 0.21 38.2
NBP0805‐DR35‐Dc‐E‐1 Nd repl.  695  ‐59.723  ‐68.881 Sars D. dianthus ‐ ‐ ‐ ‐ ‐  ‐ ‐ ‐ 0.512248 0.000007 ‐7.61 0.13 0.21 42.4

LCDW (γ
n
 = 28.0 – 28.2 kg/m³) 

NBP1103‐DH120‐Dc‐30
#
  1701  ‐59.797  ‐68.965 Sars D. dianthus 5498 9 1246 5  148.3  1.1 5.69 0.27 0.512216 0.000007 ‐8.24 0.14 0.28 ‐

NBP0805‐DR36‐Dc‐A‐1  1750  ‐59.707  ‐69.008 Sars D. dianthus 4057 13 207 2  150.5  0.7 10.24 0.06 0.512217 0.000005 ‐8.21 0.09 0.21 38.9

South Pacific 
47402  465  ‐53.933  ‐140.300 S Pac D. dianthus 3879 1 245 7  147.9  0.6 1.38 0.08 0.512297 0.000044 ‐6.65 0.86 0.93

+
‐

47406A  1034  ‐54.842  ‐129.783 S Pac D. dianthus 3657 1 427 6  150.1  0.5 2.83 0.15 0.512236 0.000016 ‐7.84 0.32 0.36 ‐
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47406B  1034  ‐54.842  ‐129.783 S Pac D. dianthus 3864 1 209 5  149.3  0.7 7.35 0.10 0.512266 0.000017 ‐7.25 0.34 0.36 ‐
 

(a) 2s is the 2 sigma uncertainty, calculated as described in refs. 6 and 7.  
(b) 143Nd/144Nd ratios were corrected for the offset of the session average JNdi-1 value from the published value of 0.512115 ± 0.000007 (8). 
(c) 2SE is the analytical 2 sigma standard error. 
(d) εNd was calculated using the present day CHUR value of 143Nd/144Nd = 0.512638 (9). 
(e) 2SD refers to the 2 sigma standard deviation derived from the long term reproducibility of BCR-2 standards over a 26 month period (n = 32; see also ref. 5). For samples where the 2SD is marked with (+), the internal 2SE was larger than the external one, and the propagated error is 

reported as 2SD. Samples indicated with (#) were analysed by MC-ICP-MS at the MAGIC laboratories and the 2SD is estimated from the reproducibility of JNdi-1 bracketing standards (see SI Appendix,  section 2). Sample NBP1103-DH117-Dc-13 was analyzed by MC-ICP-MS at 
the ICBM Oldenburg according to the procedures outlined in SI Appendix, section 2. The U-Th age constraints of (#) samples were provided by T. Chen, T. Li and L. F. Robinson following the procedures in ref. 7. 

(f) Minimum Nd concentrations in samples processed at Imperial College London through combined U-Th-Nd chemistry, except Nd replicate samples for which accurate Nd concentrations are reported (5, 10). 
(*) Modern coral samples from ref. 5. 
 

Table S1: Neodymium isotope and concentration results of cold-water corals, grouped by modern water mass and listed by their U-series age, which is expressed in thousand 
years before present (i.e. ka BP where BP = 1950) (6, 7). Water depth is the depth of sample collection. The Drake Passage samples were processed at Imperial College London 
(see SI Appendix, section 2). Samples denoted ‘Nd repl.’ are re-sampled specimens processed for Nd isotope analyses only, ‘chem. repl.’ indicates samples processed through 
combined U-Th-Nd chemistry from poorly homogenized splits of the same sample, and ‘full repl.’ denotes re-sampled coral samples processed through combined U-Th-Nd 
chemistry. The South Pacific corals were processed at LDEO (see SI Appendix, section 2). Bold coral IDs indicate samples for which combined radiocarbon (6) and Nd isotope 
data (this study) are available. 
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