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Abstract 

The last deglaciation was characterised by a series of millennial scale climate events that 

have been linked to deep ocean variability. While often implied in interpretations, few direct 

constraints exist on circulation changes at mid-depths. Here we provide new constraints on the 

variability of deglacial mid-depth circulation using combined radiocarbon and neodymium isotopes 

in 24 North Atlantic deep-sea corals. Their aragonite skeletons have been dated by uranium-series, 

providing absolute ages and the resolution to record centennial scale changes, while transects 

spanning the lifetime of a single coral allow sub-centennial tracer reconstruction. Our results reveal 

that rapid fluctuations of water mass sourcing and radiocarbon affected the mid-depth water 

column (1.7-2.5 km) on timescales of less than 100 years during the latter half of Heinrich Stadial 

1. The neodymium isotopic variability (-14.5 to -11.0) ranges from the composition of the modern 

northern-sourced waters towards more radiogenic compositions that suggest the presence of a 

greater southern-sourced component at some times. However, in detail, simple two-component 

mixing between well-ventilated northern-sourced and radiocarbon-depleted southern-sourced water 

masses cannot explain all our data. Instead, corals from ~15.0 ka and ~15.8 ka may record 

variability between southern-sourced intermediate waters and radiocarbon-depleted northern-

sourced waters, unless there was a major shift in the neodymium isotopic composition of the 

northern endmember. In order to explain the rapid shift towards the most depleted radiocarbon 

values at ~15.4 ka, we suggest a different mixing scenario involving either radiocarbon-depleted 

deep water from the Greenland-Iceland-Norwegian Seas or a southern-sourced deep water mass. 

Since these mid-depth changes preceded the Bolling-Allerod warming, and were apparently 

unaccompanied by changes in the deep Atlantic, they may indicate an important role for the 

intermediate ocean in the early deglacial climate evolution. 
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1. Introduction 

 

During the last deglaciation there was a dramatic shift in atmospheric composition and 

global climate that was punctuated by millennial scale climate changes [Clark et al., 2012]. In the 

North Atlantic region there were particularly strong swings between cold states (Heinrich Stadial 1 

and the Younger Dryas) and warm states (Bolling-Allerod) before the relatively stable Holocene 

climate was established [Johnsen et al., 1992; Dansgaard et al., 1993; Grootes et al., 1993; 

Severinghaus and Brook, 1999]. While orbital forcing may have provided the ultimate control on 

glacial-interglacial cycles [Imbrie et al., 1992], the mechanisms involved in deglaciation were 

complex and are still not yet fully understood. Changes in ocean circulation may have played an 

important role through their effects on nutrient distributions, biological productivity, carbon 

storage and heat transport [Broecker and Denton, 1989; Sarnthein and Tiedemann, 1990; Clark et 

al., 2002; Robinson et al., 2005; Broecker et al., 2010; Sigman et al., 2010; Burke and Robinson, 

2012]. 

The modern Atlantic Ocean is predominantly ventilated by North Atlantic Deep Water 

(NADW), with incursions of Antarctic Intermediate Water (AAIW) at ~1 km depth, and Antarctic 

Bottom Water (AABW) below ~4 km depth in the western South Atlantic. This relatively stable 

Atlantic meridional overturning circulation (AMOC) influences regional climate by northward heat 

transport in the Gulf Stream and North Atlantic Drift, and impacts global climate through the 

export of relatively warm, salty, nutrient-poor deep waters to the global oceans. During the last 

glacial period, the Atlantic Ocean circulation structure was reorganised, with a shoaling of NADW 

to its glacial equivalent Glacial North Atlantic Intermediate Water (GNAIW) and its replacement at 

depth by southern-sourced waters (akin to modern AABW) below ~2-2.5 km and extending into 

the North Atlantic [Curry and Oppo, 2005; Marchitto and Broecker, 2006; Lynch-Stieglitz et al., 

2007; Yu et al., 2008; Roberts et al., 2010]. The deglacial transition appears to have been 

characterised by multiple switches between glacial and Holocene-like circulation modes [e.g. Zahn 

and Stuber, 2002; Skinner et al., 2003; McManus et al., 2004; Skinner and Shackleton, 2004; 

Roberts et al., 2010], and possibly also by incursions of AAIW into the North Atlantic [e.g. 
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together with distinct Nd isotopic compositions for modern-day NADW [-12.5 to -14.5; Piepgras 

and Wasserburg, 1987] and southern-sourced waters [-8 to -9; Stichel et al., 2012], suggests that 

Nd isotopes may provide valuable insights into the evolution of northern- versus southern-sourced 

water masses in the Atlantic Ocean through time. Reconstructions of past Nd isotopic compositions 

in the Atlantic Ocean have been based on a range of substrates in sediment cores [e.g. Rutberg et 

al., 2000; Gutjahr et al., 2008; Roberts et al., 2010; Piotrowski et al., 2012; Huang et al., 2014] 

and recently also on deep-sea corals [e.g. van de Flierdt et al., 2006; Colin et al., 2010; Copard et 

al., 2010]. 

In this study, we reconstruct deglacial changes in mid-depth northwest Atlantic Ocean 

circulation and ventilation using a suite of uranium-series dated deep-sea corals from water depths 

of 1.1-2.6 km on the New England Seamounts. These depths are influenced by NADW today, but 

may have been sensitive to mixing between northern- and southern-sourced deep waters during the 

deglaciation. Significant episodes of coral growth at the New England Seamounts during Heinrich 

Stadial 1 [Thiagarajan et al., 2013] afford us a particularly good window into this climatically 

important period, and unprecedented temporal resolution compared to previous paleoceanographic 

studies [Robinson et al., 2014]. Our new Nd isotope measurements provide evidence for a highly 

dynamic mid-depth ocean. By combining Nd isotopes with radiocarbon, we also explore models of 

mixing between northern- and southern-sourced water masses that were previously proposed to 

explain rapid fluctuations in radiocarbon [Adkins et al., 1998; Robinson et al., 2005]. Overall, we 

suggest that important changes in mid-depth circulation occurred towards the end of Heinrich 

Stadial 1, preceding the circulation changes affecting the whole ocean at the onset of the Bolling-

Allerod warming. 

 

2. Regional setting and samples 

 

The studied deep-sea corals were collected from the New England Seamounts, a series of 

prominent bathymetric features in the northwest Atlantic Ocean at ~34-40°N (Figure 1). The 

modern day oceanography in the region is dominated by Gulf Stream waters flowing north in the 

shallow layers and NADW flowing south in the deep western boundary current below ~1 km. The 
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Eltgroth et al., 2006]. The original uranium-series ages from some of those studies [Robinson et 

al., 2005; Eltgroth et al., 2006; van de Flierdt et al., 2006; Robinson et al., 2007] have recently 

been updated [Robinson et al., in review] and we use those ages here, leading to a fully consistent 

uranium-series dataset. The ability to date corals by uranium-series means that absolute and 

relatively precise dates can be obtained, with the benefit that radiocarbon can be used as an 

oceanographic tracer rather than a chronometer. 

The corals were re-sampled for the Nd isotope measurements in this study (Table 1). 

Measurements were made on sub-samples of 18 individual corals and each measurement likely 

integrates a period of less than 100 years, based on typical growth rates for deep-sea corals [Adkins 

et al., 2004]. A further six corals were sampled as separate pieces along a transect parallel to the 

growth direction of the coral (typically top, middle and bottom pieces) to correspond with previous 

transect sampling for radiocarbon measurements [Adkins et al., 1998; Eltgroth et al., 2006]. For 

such transect samples, the U-Th age reported for the bulk sample is applied to the top section of the 

transect, and the remaining ages are extrapolated using an age difference of 100 years between top 

and bottom pieces based on the growth rate estimates of Adkins et al. [2004]. This approach is 

imperfect and we emphasise that these should not be taken to represent absolute ages for the 

individual sections, although the uncertainty in U-Th ages is typically larger than the lifespan of a 

coral. The value of the transect data is that stratigraphic direction is constrained, indicating the 

direction of change in the measured tracers through time, with the potential to record rapid changes 

in the ambient water column. The age uncertainty should be considered in interpreting the coral 

dataset because two individual corals with the same reported age may have been growing at 

different times within their age uncertainties and could therefore record different tracer 

compositions if the water column experienced rapid changes. We emphasise this here as our results 

constitute the first attempt to constrain intermediate to deep water mass Nd isotope compositions 

on sub-centennial timescales. 

 

3. Methods 

 

The coral cleaning, chemistry and mass spectrometry are summarised here, after van de 
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In the modern day, depths of 1.7-2.6 km at the New England Seamounts are occupied by 

Upper NADW and Middle NADW, although the boundary between these water masses is less 

distinct in Nd isotopes than the boundary to the thermocline above (Figure 2). Considering 

Heinrich Stadial 1, the water column structure may have differed quite significantly from the 

modern day. Indeed, the high variability in Nd isotopes over short timescales strongly suggests that 

the corals were growing close to a sharp gradient in Nd isotopes, indicating that this location was 

close to a hydrographic front at that time.  

In addition to a vertical shift in frontal position, the Nd isotopic variability could also have 

been produced by a lateral shift in frontal position if the New England Seamounts were close to 

such a front during Heinrich Stadial 1. A better spatial resolution of deglacial Nd isotope data than 

exists at present within the North Atlantic basin would be required to distinguish between vertical 

or lateral frontal movements. However, in either case, our new data indicate a different 

oceanographic structure and greater variability in this region during Heinrich Stadial 1 in 

comparison to today. In the next section, we consider the constraints that the absolute Nd isotope 

values provide on those changes. 

 

5.2 Neodymium isotope constraints on water mass sources in the deglacial Atlantic Ocean 

 

In the Introduction we highlighted the potential for Nd isotopes to distinguish between 

northern- and southern-sourced waters in the Atlantic Ocean, as demonstrated by the water column 

profiles in Figure 2 (i.e. northwest Atlantic versus Drake Passage). However, despite the strong 

link between Nd isotopes and Atlantic Ocean hydrography today [von Blanckenburg, 1999; Siddall 

et al., 2008; Rempfer et al., 2011], it is not possible to use Nd isotopes to provide quantitative 

constraints on past water-mass mixing because the modern Atlantic hydrography is not a direct 

analogue for the glacial or deglacial Atlantic hydrography. Firstly, uncertainties in the mechanism 

by which water mass Nd isotopic compositions and concentrations are set, together with the 

possibility of changing locations and/or modes of their formation in the past, combine to produce 

uncertainty in the expected Nd isotope endmembers and mixing relationships in the past. Secondly, 

at times when the Atlantic Ocean was less well-ventilated, such as during Heinrich Stadial 1 
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[McManus et al., 2004], it was potentially more sensitive to non-conservative processes such as 

boundary exchange and reversible scavenging than it is today. An improved understanding of 

boundary exchange and particle scavenging in the modern Nd cycle is being addressed by the 

ongoing international GEOTRACES programme which should improve future interpretations of 

paleoceanographic Nd isotope records. Here we outline the existing constraints on past endmember 

values, which is an empirical approach to that first question. For the southern-sourced waters in 

particular, such an approach will likely always be necessary because that endmember is sensitive to 

the mixture of water masses supplying the intermediate and deep water formation zones, and is 

therefore sensitive to the circulation itself. In order to fully address the second question, regarding 

possible non-conservative behaviour, we would require a better spatial distribution of Nd isotope 

data throughout the glacial Atlantic basin to provide a more complete picture of Nd cycling in the 

past. 

In the modern day, the Nd isotopic composition of NADW (Figure 2) is in the range of -

13.5 to -14.5 in Upper NADW and -12.5 to -13.5 in Middle and Lower NADW [Piepgras and 

Wasserburg, 1987; Lacan and Jeandel, 2005b; Lambelet et al., 2014]. However, changes in the 

proportions of deep water sourced from the Labrador Sea [~-14.5; Lacan and Jeandel, 2005b], 

Greenland-Iceland-Norwegian Seas overflows [-8 to -11; Lacan and Jeandel, 2004b] and open 

ocean convection south of Iceland, or changes in the erosional inputs or boundary exchange in 

these regions [von Blanckenburg and Nagler, 1999; Lacan and Jeandel, 2005b], could have led to 

changes in the composition of NADW in the past. It has been suggested that over glacial-

interglacial timescales, the composition of NADW/GNAIW in the northwest Atlantic was 

approximately constant using laser ablation data from ferromanganese crust BM1969.05 recovered 

from the San Pablo Seamount (39°N, 60°W, 1.8 km water depth) [Foster et al., 2007]. However, 

these data do not rule out changes over shorter timescales. Existing data from deep-sea corals also 

suggested a rather constant NADW composition at the New England Seamounts [van de Flierdt et 

al., 2006], although that study was based on a relatively small sample set that was discontinuous in 

time. In contrast, Gutjahr et al. [2008] suggested deglacial changes occurred in the 

NADW/GNAIW endmember based on sediment leachate data from the Blake Ridge, but the 

intermediate depth cores of that study appeared to be compromised by downslope sediment 
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redistribution [Gutjahr et al., 2008].  

Since the modern water column in the northwest Atlantic Ocean samples the different 

northern endmembers (i.e. Labrador Sea Water and Greenland-Iceland-Norwegian Seas overflow 

water) in different proportions at different water depths [Lambelet et al., 2014], we suggest that Nd 

isotope variations in the range -12.5 to -14.5 (blue bar in Figure 2) could be readily attributed to 

changes in those different contributions to NADW. Changes in the weathering inputs to those 

source regions could also generate values outside this range at times in the past; for example, 

highly unradiogenic Nd isotopic compositions could accompany elevated weathering in the Baffin 

Bay region [von Blanckenburg and Nagler, 1999]. In comparison to the modern day, the deglacial 

Nd isotope variations observed in the New England Seamount corals cover an even larger range 

from -11.0 to -14.5. Considering that this site is located downstream from the main deep water 

formation regions today and from proposed convection sites in the glacial North Atlantic Ocean 

[Boyle and Keigwin, 1987; Labeyrie et al., 1992], this range of variability would either require 

more significant NADW endmember changes to have occurred, or may be explained by 

contributions from southern-sourced waters.  

In the South Atlantic Ocean, AAIW and AABW have relatively radiogenic Nd isotopic 

compositions of -8 to -9 in the modern day [Jeandel, 1993] (see also Figure 2). Therefore, mixing 

with either of these water masses could potentially generate the more radiogenic compositions of 

up to -11 recorded in the mid-depth corals (Figure 6). In order to constrain the past composition of 

southern-sourced waters, we focus here on Nd isotope measurements from deep-sea corals and 

uncleaned planktonic foraminifera, because in some cases these archives appear to provide more 

reliable evidence than reductive sediment leachates [Elmore et al., 2011; Kraft et al., 2013; Wilson 

et al., 2013]. The existing evidence points towards a more radiogenic Nd isotopic composition of -

6 to -7 for the deep Southern Ocean endmember during the last glacial period [Robinson and van 

de Flierdt, 2009; Piotrowski et al., 2012], whereas Nd isotopes recorded from AAIW depths (~1 

km) in the equatorial Atlantic were largely unchanged through the deglaciation at ~-11 [Huang et 

al., 2014] (Figure 6). The Nd isotopic composition of the deep glacial North Atlantic was also ~-11 

and has been interpreted as southern-sourced bottom water [Roberts et al., 2010; Gutjahr and 

Lippold, 2011] (Figure 6). Since this value does not correspond to the composition of modern day 
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or glacial deep Southern Ocean waters, it may indicate the admixture of some northern component 

into the southern-sourced waters along their northward flow path into the North Atlantic. Such a 

process is also observed today; for example, in the equatorial Atlantic the low salinity signature of 

AAIW at ~1 km is accompanied by a Nd isotopic composition of ~-10.5 [Huang et al., 2014] that 

has evolved by mixing from its more radiogenic composition in the Southern Ocean. Therefore, we 

describe this endmember as southern-sourced water in the glacial North Atlantic Ocean (Figure 6).  

In summary, deep-sea coral Nd isotope values in the range of -13.5 to -14.5 can be linked to 

the characteristic signature of modern day Upper NADW (containing an unradiogenic Labrador 

Sea Water component), while values of -11 appear to correspond to the composition of southern-

sourced waters in the glacial North Atlantic. Where intermediate values of ~-12.5 are recorded, this 

signature could be the result of mixing between such northern- and southern-sourced water masses, 

or it may be linked to the composition of Middle NADW (i.e. a northern source that is lacking the 

characteristically unradiogenic Labrador Sea Water signature), and we emphasise that it is not 

possible to distinguish between these possibilities from Nd isotopes alone. In addition, that second 

possible explanation highlights the ongoing challenge to constrain in detail the potential for 

changes through time in the Nd isotopic compositions of water mass endmembers or their 

contributions to NADW in the open Atlantic Ocean. 

 

5.3 Deglacial variability of the northwest Atlantic water column structure 

 

The Nd isotopic composition of -14.5 recorded at the New England Seamounts during the 

early Holocene (~11.5 ka) shows that there was no Nd isotope gradient between the intermediate 

ocean (this study) and the deep ocean [Roberts et al., 2010] (Figure 6), consistent with the presence 

of NADW throughout the northwest Atlantic water column. In contrast, the deglacial corals record 

Nd isotope variability in the mid-depth ocean that provides evidence of significant and rapid (<100 

years) changes in water mass structure during the latter half of Heinrich Stadial 1. 

At ~15.8 ka, ~1 kyr after the onset of Heinrich event 1 [Hemming, 2004], there is a strong 

Nd isotope gradient between the mid-depth (this study) and deep [Roberts et al., 2010] northwest 

Atlantic Ocean (Figure 6). Neodymium isotopes at mid-depths (~-13 to -14.5) are indicative of 
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future [e.g. Lopez Correa et al., 2012]. 

 

5.5 Ocean circulation link to deglacial climate variability 

 

Previous studies have linked North Atlantic warming at the transition into the Bolling-

Allerod with changes in the AMOC [Clark et al., 2002], which has been supported by proxies 

based on both overturning strength [McManus et al., 2004] and water mass mixing [Roberts et al., 

2010]. Those studies were based on the deep ocean (~4.5 km) where, in contrast to our study, rapid 

changes within Heinrich Stadial 1 were not observed. Therefore, while ocean circulation changes 

affecting the full depth of the Atlantic Ocean may have been related to the warming during the 

Bolling-Allerod, and were perhaps influential in the glacial-interglacial transition, we have 

provided evidence that the mid-depth circulation changed first during the preceding millennium. 

Both Nd isotopes and radiocarbon record a very dynamic behaviour of the mid-depth ocean during 

that period before the onset of Bolling-Allerod warming, suggesting that this part of the ocean 

system may have played an important role in early deglacial climate evolution. Our mid-depth 

corals from the New England Seamounts may have been sensitively located to record that 

behaviour, rather than recording wholesale changes in the configuration of the overturning 

circulation. 

Additional evidence on the mid-depth North Atlantic hydrography during Heinrich Stadial 

1 has recently emerged from clumped isotope measurements on corals from the New England 

Seamounts [Thiagarajan et al., 2014]. That study demonstrated a mid-depth warming of 3-4 °C at 

~15.5 ka, producing a water column prone to instabilities and potentially preconditioning the deep 

ocean for the subsequent Bolling-Allerod circulation switch. Therefore, the radiocarbon depletion 

of the ~15.4 ka event described above was associated with warm waters, which were postulated to 

have come from the south. We see a shift towards more radiogenic Nd isotopes from ~15.8 ka to 

~15.5 ka, also preceding that radiocarbon depletion, which may support such a southern source for 

that water. However, as described above, it is not possible to rule out other potential sources (such 

as a Greenland-Iceland-Norwegian Seas source) for the ~15.4 ka event from Nd isotope evidence 

alone, and we also cannot rule out that a complex mixture of sources may have been involved. At 
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this point we have more Nd isotope than clumped isotope data from the New England Seamounts 

corals, so while there is agreement between the two tracers at ~15.5 ka, there is not yet enough 

clumped isotope data to compare with the other two rapid events seen in Figure 5b. The other 

important conclusion of Thiagarajan et al. [2014] was that the water column structure was 

fundamentally different between Heinrich Stadial 1 and the Younger Dryas, reflecting a 

reorganisation at the Bolling-Allerod. That suggestion is supported by the Nd isotope data 

presented here (Figure 6), although more Nd isotope data from the Younger Dryas would be 

helpful in this regard. 

The Greenland ice core records also show some variability during late Heinrich Stadial 1 

(Figure 3), but a detailed comparison to the coral records is not possible, as much due to the 

uncertainties in ice core chronologies and centennial scale differences between ice core records 

[Svensson et al., 2006] as due to the uncertainties in the uranium-series coral ages. At this stage, we 

can therefore only speculate that the transient ocean circulation events identified at the New 

England Seamounts may have been linked to basin-wide changes in AMOC and corresponding 

short-lived warming events in Greenland. Rapid changes have been widely observed in the North 

Atlantic Ocean during this period, including sea ice fluctuations in the far North Atlantic [de 

Vernal et al., 2001] and sea surface temperature and salinity variability in the subtropics that was 

interpreted in terms of an early resumption of shallower overturning preceding the deeper 

overturning at the Bolling-Allerod [Carlson et al., 2008]. Evidence from carbon isotopes and Nd 

isotopes in the deep South Atlantic has also been used to argue for a ‘false start’ of NADW 

production preceding the Bolling-Allerod warming [Charles and Fairbanks, 1992; Piotrowski et 

al., 2004]. Our study provides further evidence in support of those previous suggestions that this 

was a period of dynamic ocean-climate interaction. At present, we are not able to address whether 

the Nd isotope variability observed at the New England Seamounts during Heinrich Stadial 1 was 

restricted to the early deglacial period, and perhaps significant for the deglaciation itself, or 

whether such variability also characterised previous Heinrich events during the glacial period. 

Resolving this question would require an extensive and well-dated dataset from marine isotope 

stage 3. 

We finally consider the possible significance of these circulation changes for the carbon 











©2014 American Geophysical Union. All rights reserved. 

core record, Nature, 364(6434), 218-220. 

de Pol-Holz, R., L. Keigwin, J. Southon, D. Hebbeln, and M. Mohtadi (2010), No signature of 
abyssal carbon in intermediate waters off Chile during deglaciation, Nat. Geosci., 3(3), 192-195. 

de Vernal, A., et al. (2001), Dinoflagellate cyst assemblages as tracers of sea-surface conditions in 
the northern North Atlantic, Arctic and sub-Arctic seas: the new 'n=677' data base and its 
application for quantitative palaeoceanographic reconstruction, J. Quat. Sci., 16(7), 681-698. 

Dokken, T. M., and E. Jansen (1999), Rapid changes in the mechanism of ocean convection during 
the last glacial period, Nature, 401(6752), 458-461. 

Elmore, A. C., A. M. Piotrowski, J. D. Wright, and A. E. Scrivner (2011), Testing the extraction of 
past seawater Nd isotopic composition from North Atlantic deep sea sediments and foraminifera, 
Geochem. Geophys. Geosyst., 12(9), doi: 10.1029/2011gc003741. 

Eltgroth, S. F., J. F. Adkins, L. F. Robinson, J. Southon, and M. Kashgarian (2006), A deep-sea 
coral record of North Atlantic radiocarbon through the Younger Dryas: evidence for intermediate 
water/deepwater reorganization, Paleoceanography, 21(4), doi: 10.1029/2005pa001192. 

Foster, G. L., D. Vance, and J. Prytulak (2007), No change in the neodymium isotope composition 
of deep water exported from the North Atlantic on glacial-interglacial time scales, Geology, 35(1), 
37-40. 

Frank, M. (2002), Radiogenic isotopes: Tracers of past ocean circulation and erosional input, Rev. 
Geophys., 40(1), doi: 10.1029/2000rg000094. 

Gherardi, J. M., L. Labeyrie, S. Nave, R. Francois, J. F. McManus, and E. Cortijo (2009), Glacial-
interglacial circulation changes inferred from 231Pa/230

Goldstein, S. L., and S. R. Hemming (2003), Long-lived isotopic tracers in oceanography, 
paleoceanography and ice sheet dynamics, in The Oceans and Marine Geochemistry, edited by H. 
Elderfield, pp. 453-489, Elsevier-Pergamon, Oxford. 

Th sedimentary record in the North Atlantic 
region, Paleoceanography, 24(2), doi: 10.1029/2008pa001696. 

Grootes, P. M., M. Stuiver, J. W. C. White, S. Johnsen, and J. Jouzel (1993), Comparison of 
oxygen isotope records from the GISP2 and GRIP Greenland ice cores, Nature, 366(6455), 552-
554. 

Gutjahr, M., and J. Lippold (2011), Early arrival of Southern Source Water in the deep North 
Atlantic prior to Heinrich event 2, Paleoceanography, 26, doi: 10.1029/2011pa002114. 

Gutjahr, M., M. Frank, C. H. Stirling, L. D. Keigwin, and A. N. Halliday (2008), Tracing the Nd 
isotope evolution of North Atlantic deep and intermediate waters in the Western North Atlantic 
since the Last Glacial Maximum from Blake Ridge sediments, Earth Planet. Sci. Lett., 266(1-2), 
61-77. 

Hain, M. P., D. M. Sigman, and G. H. Haug (2014), Distinct roles of the Southern Ocean and 
North Atlantic in the deglacial atmospheric radiocarbon decline, Earth Planet. Sci. Lett., 394, 198-
208. 

Hayes, C. T., R. F. Anderson, M. Q. Fleisher, K. F. Huang, L. F. Robinson, Y. Lu, H. Cheng, R. L. 



©2014 American Geophysical Union. All rights reserved. 

Edwards, and S. B. Moranh (2014), 230Th and 231

Hemming, S. R. (2004), Heinrich events: Massive late pleistocene detritus layers of the North 
Atlantic and their global climate imprint, Rev. Geophys., 42(1), doi: 10.1029/2003rg000128. 

Pa on GEOTRACES GA03, the U.S. 
GEOTRACES North Atlantic transect, and implications for modern and paleoceanographic 
chemical fluxes, Deep Sea Research Part II: Topical Studies in Oceanography, doi: 
10.1016/j.dsr1012.2014.1007.1007. 

Hendry, K. R., L. F. Robinson, J. F. McManus, and J. D. Hays (2014), Silicon isotopes indicate 
enhanced carbon export efficiency in the North Atlantic during deglaciation, Nature 
Communications, 5(3107), doi: 10.1038/ncomms4107. 

Huang, K. F., D. W. Oppo, and W. B. Curry (2014), Decreased influence of Antarctic intermediate 
water in the tropical Atlantic during North Atlantic cold events, Earth Planet. Sci. Lett., 389, 200-
208. 

Imbrie, J., et al. (1992), On the structure and origin of major glaciation cycles 1. Linear responses 
to Milankovitch forcing, Paleoceanography, 7(6), 701-738. 

Jacobsen, S. B., and G. J. Wasserburg (1980), Sm-Nd isotopic composition of chondrites, Earth 
Planet. Sci. Lett., 50(1), 139-155. 

Jeandel, C. (1993), Concentration and isotopic composition of Nd in the South Atlantic Ocean, 
Earth Planet. Sci. Lett., 117(3-4), 581-591. 

Jeandel, C., T. Arsouze, F. Lacan, P. Techine, and J. C. Dutay (2007), Isotopic Nd compositions 
and concentrations of the lithogenic inputs into the ocean: A compilation, with an emphasis on the 
margins, Chemical Geology, 239(1-2), 156-164. 

Johnsen, S. J., H. B. Clausen, W. Dansgaard, K. Fuhrer, N. Gundestrup, C. U. Hammer, P. Iversen, 
J. Jouzel, B. Stauffer, and J. P. Steffensen (1992), Irregular glacial interstadials recorded in a new 
Greenland ice core, Nature, 359(6393), 311-313. 

Kraft, S., M. Frank, E. C. Hathorne, and S. Weldeab (2013), Assessment of seawater Nd isotope 
signatures extracted from foraminiferal shells and authigenic phases of Gulf of Guinea sediments, 
Geochim. Cosmochim. Acta, 121, 414-435. 

Labeyrie, L. D., J. C. Duplessy, J. Duprat, A. Juilletleclerc, J. Moyes, E. Michel, N. Kallel, and N. 
J. Shackleton (1992), Changes in the vertical structure of the North Atlantic Ocean between glacial 
and modern times, Quat. Sci. Rev., 11(4), 401-413. 

Lacan, F., and C. Jeandel (2004a), Subpolar Mode Water formation traced by neodymium isotopic 
composition, Geophys. Res. Lett., 31(14), doi: 10.1029/2004gl019747. 

Lacan, F., and C. Jeandel (2004b), Neodymium isotopic composition and rare earth element 
concentrations in the deep and intermediate Nordic Seas: Constraints on the Iceland Scotland 
Overflow Water signature, Geochem. Geophys. Geosyst., 5(11), doi: 10.1029/2004gc000742. 

Lacan, F., and C. Jeandel (2005a), Neodymium isotopes as a new tool for quantifying exchange 
fluxes at the continent-ocean interface, Earth Planet. Sci. Lett., 232(3-4), 245-257. 

Lacan, F., and C. Jeandel (2005b), Acquisition of the neodymium isotopic composition of the 



©2014 American Geophysical Union. All rights reserved. 

North Atlantic Deep Water, Geochem. Geophys. Geosyst., 6(12), doi: 10.1029/2005gc000956. 

Lambelet, M., T. van de Flierdt, K. Crocket, M. Rehkamper, and H. de Baar (2014), The 
neodymium isotopic composition of North Atlantic Deep Water revisited, Ocean Sciences 
Conference, Abstract ID 16362, February 2014. 

Lopez Correa, M., P. Montagna, N. Joseph, A. Ruggeberg, J. Fietzke, S. Flogel, B. Dorschel, S. L. 
Goldstein, A. Wheeler, and A. Freiwald (2012), Preboreal onset of cold-water coral growth beyond 
the Arctic Circle revealed by coupled radiocarbon and U-series dating and neodymium isotopes, 
Quat. Sci. Rev., 34, 24-43. 

Lynch-Stieglitz, J., et al. (2007), Atlantic meridional overturning circulation during the Last 
Glacial Maximum, Science, 316(5821), 66-69. 

Marchitto, T. M., and W. S. Broecker (2006), Deep water mass geometry in the glacial Atlantic 
Ocean: A review of constraints from the paleonutrient proxy Cd/Ca, Geochem. Geophys. Geosyst., 
7(12), doi: 10.1029/2006gc001323. 

McManus, J. F., R. Francois, J. M. Gherardi, L. D. Keigwin, and S. Brown-Leger (2004), Collapse 
and rapid resumption of Atlantic meridional circulation linked to deglacial climate changes, 
Nature, 428(6985), 834-837. 

Meckler, A. N., D. M. Sigman, K. A. Gibson, R. Francois, A. Martinez-Garcia, S. L. Jaccard, U. 
Rohl, L. C. Peterson, R. Tiedemann, and G. H. Haug (2013), Deglacial pulses of deep-ocean 
silicate into the subtropical North Atlantic Ocean, Nature, 495(7442), 495-498. 

Meland, M. Y., T. M. Dokken, E. Jansen, and K. Hevroy (2008), Water mass properties and 
exchange between the Nordic seas and the northern North Atlantic during the period 23-6 ka: 
Benthic oxygen isotopic evidence, Paleoceanography, 23(1), doi: 10.1029/2007pa001416. 

Pahnke, K., S. L. Goldstein, and S. R. Hemming (2008), Abrupt changes in Antarctic Intermediate 
Water circulation over the past 25,000 years, Nat. Geosci., 1(12), 870-874. 

Peck, V. L., I. R. Hall, R. Zahn, H. Elderfield, F. Grousset, S. R. Hemming, and J. D. Scourse 
(2006), High resolution evidence for linkages between NW European ice sheet instability and 
Atlantic Meridional Overturning Circulation, Earth Planet. Sci. Lett., 243(3-4), 476-488. 

Piepgras, D. J., and G. J. Wasserburg (1987), Rare earth element transport in the western North 
Atlantic inferred from Nd isotopic observations, Geochim. Cosmochim. Acta, 51(5), 1257-1271. 

Piotrowski, A. M., S. L. Goldstein, S. R. Hemming, and R. G. Fairbanks (2004), Intensification 
and variability of ocean thermohaline circulation through the last deglaciation, Earth Planet. Sci. 
Lett., 225(1-2), 205-220. 

Piotrowski, A. M., A. Galy, J. A. L. Nicholl, N. Roberts, D. J. Wilson, J. A. Clegg, and J. Yu 
(2012), Reconstructing deglacial North and South Atlantic deep water sourcing using foraminiferal 
Nd isotopes, Earth Planet. Sci. Lett., 357, 289-297. 

Reimer, P. J., et al. (2013), IntCal13 and Marine13 radiocarbon age calibration curves 0-50,000 
years cal BP, Radiocarbon, 55(4), 1869-1887. 

Rempfer, J., T. F. Stocker, F. Joos, and J. C. Dutay (2012), Sensitivity of Nd isotopic composition 











©2014 American Geophysical Union. All rights reserved. 

 

Figure 1: Location map for the New England Seamounts. Also shown is the location of the 
northwest Atlantic water column profile in Figure 2 [AII 109-1 station 30 of Piepgras and 
Wasserburg, 1987] and the location of Bermuda Rise sediment core OCE326-GGC6 for which the 
Nd isotope record is shown in Figure 6 [Roberts et al., 2010]. Base map from GeoMapApp. 




















