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Strong and deep Atlantic meridional overturning
circulation during the last glacial cycle
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Extreme, abrupt Northern Hemisphere climate oscillations during
the last glacial cycle (140,000 years ago to present) were modulated
by changes in ocean circulation and atmospheric forcing1. However,
the variability of the Atlantic meridional overturning circulation
(AMOC), which has a role in controlling heat transport from low to
high latitudes and in ocean CO2 storage, is still poorly constrained
beyond the Last Glacial Maximum2–4. Here we show that a deep and
vigorous overturning circulation mode has persisted for most of the
last glacial cycle, dominating ocean circulation in the Atlantic, whereas
a shallower glacial mode with southern-sourced waters filling the deep
western North Atlantic prevailed during glacial maxima3,5. Our results
are based on a reconstruction of both the strength and the direction
of the AMOC during the last glacial cycle from a highly resolved
marine sedimentary record in the deep western North Atlantic. Parallel
measurements of two independent chemical water tracers (the iso-
tope ratios of 231Pa/230Th and 143Nd/144Nd)6–8, which are not directly
affected by changes in the global cycle, reveal consistent responses
of the AMOC during the last two glacial terminations. Any signifi-
cant deviations from this configuration, resulting in slowdowns of
the AMOC, were restricted to centennial-scale excursions during
catastrophic iceberg discharges of the Heinrich stadials. Severe and
multicentennial weakening of North Atlantic Deep Water forma-
tion occurred only during Heinrich stadials close to glacial maxima
with increased ice coverage, probably as a result of increased fresh-
water input. In contrast, the AMOC was relatively insensitive to sub-
millennial meltwater pulses during warmer climate states, and an
active AMOC prevailed during Dansgaard–Oeschger interstadials
(Greenland warm periods).

The question of whether the AMOC has always controlled or at times
only responded to climatic oscillations during the last glacial period
still awaits full clarification despite its fundamental role in climatology.
During the Holocene epoch deep-water formation has been active in
the North Atlantic and North Atlantic Deep Water (NADW) has occu-
pied a large fraction of the deep Atlantic basin down to ,5,000 m depth
(a circulation mode often referred to as the ‘warm’, or ‘interglacial’, cir-
culation mode1; Fig. 1). However, the existence of different AMOC modes
in the past has been proposed, mostly on the basis of nutrient tracers such
as stable carbon isotopes3,5. In the ‘cold’, or ‘glacial’, mode, the equival-
ent of NADW has been identified only at shallower depths than today,
and is hence termed Glacial North Atlantic Intermediate Water. As a
consequence, a large part of the deep North Atlantic was bathed in deep
water advected from the Southern Ocean8,9 (southern-sourced water
(SSW)). In addition, there is ample evidence for a third mode that pre-
vailed as a result of transient, catastrophic pulses of meltwater discharges,
which essentially led to a collapse of deep-water formation in the North
Atlantic during the Heinrich events1 (the ‘off’, or ‘Heinrich’, mode). These
shifts highlight the sensitivity of North Atlantic convection to buoy-
ancy forcing, in particular to fresh-water inputs.

Here we reconstruct changes in the AMOC based on combined ex-
traction of seawater radiogenic neodymium (Nd) isotopes and particulate

231Paxs,0/230Thxs,0 (the activity ratio of unsupported 231Pa and 230Th in
sediments, decay-corrected to the time of deposition; 231Pa/230Th here-
after) from sediments recovered in the deep subtropical northwest At-
lantic (Bermuda Rise; ODP Site 1063, Leg 172, 33u 419 N, 57u 379 W,
water depth 4,584 m; Supplementary Information). Owing to its posi-
tion in the mixing zone between NADW and Antarctic Bottom Water,
this site has sensitively recorded past changes in circulation dynamics
and water mass mixing10,11. The 143Nd/144Nd ratio (expressed as eNd, the
deviation, in parts per 10,000, of the measured 143Nd/144Nd ratio from
that of the chondritic uniform reservoir) is used as a quasi-conservative
proxy for changes in sources and mixing of water masses7,12. The key
difference in Nd isotope signatures between the major water masses in
the Atlantic is the significantly less radiogenic (lower) eNd signature of
NADW (mostly as a result of the contribution of highly unradiogenic
Labrador Sea water (LSW)) relative to that of SSW. Thus, this tracer
allows the determination of changes in the relative contributions of
waters originating from the North Atlantic and the Southern Ocean at
the core site8. In contrast, 231Pa/230Th is a measure of the overall strength
of the AMOC6. Unlike their homogeneously distributed dissolved par-
ents 234U and 235U, from which both isotopes are uniformly produced
in seawater by radioactive decay, 231Pa and 230Th are particle reactive.
However, a difference in the timescale of removal causes a preferential
export of 231Pa to the Southern Ocean, and low 231Pa/230Th in the deep
Atlantic is consequently a sensitive indicator of a strong, large-scale
AMOC. In turn, high 231Pa/230Th approaching the production ratio
(0.093) indicates a weak or collapsed AMOC13.

The data set presented here extends beyond the Eemian interglacial
into the glacial before termination 2 (140 kyr ago). It reveals funda-
mental changes in the AMOC under variable forcings, including orbital
parameters, continental ice-sheet volume and the associated sea-level
variability. In addition, high sedimentation rates at the core location
(10–150 cm kyr21) allow the resolution of short-term climatic excur-
sions such as the Dansgaard–Oeschger interstadials14. The combination
of high-resolution records of Nd isotopes (used to identify deep-water
provenance) with 231Pa/230Th (tracing AMOC strength) obtained from
the same samples excludes any chronological or phasing issues.

Direct comparison of the tracer’s time series across glacial termina-
tions 2 and 1 reveal differences and similarities in the timings and am-
plitudes of changes in both eNd and 231Pa/230Th (Fig. 2). Glacial maxima
were characterized by radiogenic (less negative) eNd signatures of about
211 and thus clearly indicate a strongly enhanced presence of SSW in
the deep North Atlantic. The deep circulation abruptly switched to a
regime dominated by northern-sourced water (NSW) by the time of
onset of the following interglacials. Furthermore, both deglaciations
were characterized by a drastically weakened export of NADW during
Heinrich stadials 1 and 11 (HS1 and HS11, respectively), as indicated
by 231Pa/230Th values close to the production ratio13. Although orbital
forcing and the evolution of ice volume were different in each termi-
nation15, the strikingly similar evolution of the AMOC during termi-
nations 1 and 2 (Fig. 2) suggests a coherent response of high-latitude
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ocean stratification and deep-water formation to the large-scale melt-
ing of continental ice sheets and the subsequent sea-level rise following
peak glacial conditions (Fig. 3). In contrast to termination 1, no event
like the Younger Dryas occurred during termination 2 (Fig. 2), indi-
cating that a temporary switch back to glacial conditions has not been
an inherent feature of deglacial periods during the late-Quaternary
period16. Another difference between the two glacial–interglacial tran-
sitions is the timing of the reorganization of Atlantic deep-water cir-
culation: during termination 1 both circulation strength (231Pa/230Th)
and prevailing water masses (eNd) switched rapidly and synchronously
to the interglacial mode of the Bølling–Allerød warm period. In con-
trast, during termination 2 radiogenic eNd signatures imply that SSW
was still present at the core location until 127 kyr ago, when Northern
Hemisphere summer insolation was already well above modern levels.
Very low 231Pa/230Th ratios at the end of termination 2 point to an ex-
ceptionally vigorous but shallow NSW overturning cell, still underlain
by significant volumes of SSW.

Distinct time intervals of different prevailing modes of Atlantic deep
circulation are documented in our new records (Fig. 3). A persistent
baseline of low 231Pa/230Th well below the production ratio indicates
an active and deep AMOC mode throughout most of the past 140 kyr.
This is supported by generally unradiogenic eNd values (of around 214,
close to the modern NADW value17), providing evidence for continu-
ous NADW formation with a strong contribution of LSW to glacial
NADW resulting in eNd values below 212 apart from at glacial max-
ima. This active deep-water circulation regime lasted from ,127 kyr
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Figure 2 | The evolution of
circulation proxies during
termination 1 and termination 2.
Termination 1 is indicated by the
upper x axis (red) and termination 2
is represented by the lower x axis
(blue). a, c, Bermuda Rise eNd (a)
and 231Pa/230Th (c) records of
termination 1 (refs 8, 13, 23, 27)
are compared with those of
termination 2 (error bars, 2 s.d).
Major climatic events during
termination 1 (YD, Younger Dryas;
BA, Bølling–Allerød; H1, Heinrich
stadial 1) and termination 2 (H11,
Heinrich stadial 11) are indicated.
We note that the y axes are reversed.
The 231Pa/230Th production ratio
of 0.093 (dotted line) indicates
sluggish or absent overturning. The
higher uncertainties of the ratios
in the oldest part of the record
originate from the measurements of
the 231Pa activities at very low values
as a consequence of radioactive
decay (half-life, 32.7 kyr). b, The
summer insolation curve at 65uN
(ref. 28), shown for comparison.

Figure 1 | Conceptual modes of the AMOC. The diagrams depict the
interplay of NSW (red) and SSW (blue) masses bathing sediment core
ODP 1063 (black star) (following ref. 1). a, The warm mode is dominated by
deep ventilation of NADW. At the position of ODP 1063 this is reflected by
low 231Pa/230Th and unradiogenic (more negative) eNd signatures (the
deviation, in parts per 10,000, of the measured 143Nd/144Nd ratio from that
of the chondritic uniform reservoir). AABW, Antarctic Bottom Water. b, The
cold mode was characterized by an active but shoaled northern circulation
cell resulting in a significantly more-positive eNd signature, and 231Pa/230Th
increased only slightly. c, The off mode represents the near shutdown of
NADW formation and the dominance of SSW in the deep and intermediate
North Atlantic. In this mode eNd did not differ from the cold mode and
231Pa/230Th increased significantly.
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ago until ,27 kyr ago, when eNd signatures reached less negative values
owing to the increasing influence of SSW in the deep North Atlantic for
the first time after the end of Marine Isotope Stage 6 (MIS 6). Accord-
ingly, active formation and export of NADW during all of MIS 5, MIS 4
and MIS 3, similar to the warm mode during the Eemian (MIS 5.5) or
the Holocene (MIS 1) interglacial, prevailed.

The most striking features of this record covering the last glacial cycle
are the markedly brief occurrences of the cold mode, which have very
positive eNd values and are restricted to peak glacial conditions and max-
imum continental ice-sheet extent (Figs 1b and 3b). Only during these
intervals was the key area of deep-water formation sufficiently vulner-
able to both extended sea-ice coverage and high fresh-water runoff18,19.

At the transition between MIS 5 and MIS 4, which has been iden-
tified as a key period in the evolution of the AMOC2, we note a subtle
but significant shift to higher 231Pa/230Th values, which persisted dur-
ing the entire MIS 3 (Fig. 3). This slightly weakened export of 231Pa is in
good agreement with grain size and isotopic proxy data from the same
location20 and cannot be explained by the concurrent moderate increase
of preserved biogenic opal deposition (Methods).

The 231Pa/230Th-versus-eNd cross-plot reveals the gradual transitions
between the circulation modes (Fig. 4). A wide spectrum of pairs of
values is observable with distinct signatures for each Marine Isotope
Stage (see averages for each time period in Fig. 4), and there are very
few combinations of low 231Pa/230Th and high eNd, and vice versa. The
different states of the AMOC are identified as transient changes between
the endmember situations of the warm mode (low 231Pa/230Th and
eNd) and the off mode (high 231Pa/230Th and eNd). We observe a grad-
ual shift in the average signatures following the chronological sequence
MIS 5–MIS 4–MIS 3–MIS 2. In contrast, the transitions from peak gla-
cials (MIS 2 and MIS 6) to the interglacials (MIS 1 and MIS 5e) are
marked by abrupt and large changes similar to the rapid increases in
global temperatures and sea level during glacial terminations.

Distinct excursions of 231Pa/230Th to values higher than 0.08 and close
to the production ratio coincide with the most pronounced Heinrich
stadials21 (HS 1, HS 2 and HS 11). Although enhanced scavenging of
231Pa induced by higher fluxes of biogenic opal during Heinrich stadials
has been suspected to contribute to the high 231Pa/230Th (refs 22, 23),
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Figure 3 | Proxies of ocean circulation compared with palaeoclimatic
conditions over the past 140 kyr. a, Oxygen isotope record
(d18O 5 (18O/16O)sample/(

18O/16O)VSMOW – 1) of the NGRIP ice core29.
(VSMOW, Vienna Standard Mean Ocean Water.) Dansgaard–Oeschger
interstadials corresponding to peaks of unradiogenic eNd signatures are
labelled. b, eNd (axis reversed; errors, 2 s.d.; blue open squares) from the
Bermuda Rise (also including data in dark blue from ref. 8 (open triangles)
and ref. 27 (open circles)) constrain the appearances of the cold and off
circulation modes and the arrival of SSW in the North Atlantic to relatively
short time periods during peak glacials (horizontal blue bar). Extremely
unradiogenic leachate compositions around Dansgaard–Oeschger
interstadials 21 have been reproduced using foraminiferal eNd data (crosses)
following the method of ref. 8, confirming the reliability and comparability of
both approaches. c, Bermuda Rise 231Pa/230Th data (axis reversed; error bars,
2 s.d.; open red squares, also including data from ref. 13 (dark red triangles)
and ref. 23 (dark red circles)) display a low baseline (distinctly below
production ratio) providing evidence for persistent export of 231Pa as a
consequence of an active deep AMOC. HS1–HS11 mark the timing of major
iceberg surges in the North Atlantic21 when231Pa/230Th shifts towards the
production ratio of 0.093. d, The movement of SSW into the North Atlantic has
been tightly connected to relative sea level (RSL; the grey range covers minimal
and maximal sea-level estimates30) suggesting that the available amount of
meltwater and the location of Northern deep-water formation were crucial
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(Fig. 1) as derived from the combined 231Pa/230Th and eNd records. Grey
shadings (MISs 2, 4 and 6) mark glacial conditions, and orange shadings
indicate interglacials (MISs 1 and 5e).

–18 –16 –14 –12 –10

0.04

0.06

0.08

0.10

2

11

1

6

MIS
2

3–10 YD

εNd

2
3
1
P

a
/2

3
0
T

h

4

5 5e

MIS

MIS

MISDO

1
MIS

HS

3
MIS

HS

HS HS‘Off’

‘Warm’

‘Cold’

Figure 4 | Circulation modes of the AMOC as indicated by paired
231Pa/230Th and eNd signatures from identical sediment samples colour-
coded for distinct time periods. Large symbols indicate the average values of
the scattered points. Data from refs 8, 13 for MISs 1 and 2 have been merged
for sample ages separated by less than 500 yr. Low 231Pa/230Th during MISs 1, 3,
4 and 5 and Dansgaard–Oeschger interstadials indicates persistently strong
export of NADW (231Pa export), with variable contributions of LSW (high eNd

variability). Highly radiogenic eNd signatures are characteristic for stadials
(HS1, HS2 and HS11) and peak glacials (MISs 2 and 6), indicating pronounced
SSW presence in the deep North Atlantic.

LETTER RESEARCH

1 J A N U A R Y 2 0 1 5 | V O L 5 1 7 | N A T U R E | 7 5

Macmillan Publishers Limited. All rights reserved©2015



the total preserved opal concentration hardly exceeds 5% (Methods and
Extended Data Figs 4 and 5), rendering 231Pa–230Th fractionation driven
by opal unlikely. The 231Pa/230Th signatures of HS 3–HS 10 are, in con-
trast to those of the three Heinrich stadials mentioned above, less ele-
vated or not elevated at all. These results suggest that iceberg discharge
events were capable of severely perturbing NADW formation only in a
SSW-dominated Atlantic.

The discussion presented so far is based on a simple seesaw alterna-
tion between SSW and NADW, presuming these to be the only major
constituents of the AMOC. Yet NADW itself is a multicomponent water
mass consisting of variable contributions of LSW (eNd < 218), Denmark
Strait Overflow Water (eNd < 28) and Iceland–Scotland Overflow Water
(eNd < 28) (ref. 24). Several short-term excursions to very negative eNd

values that coincided with Dansgaard–Oeschger interstadials 21 and 22
of MIS 5 imply active deep-water formation with temporally signifi-
cantly increased contributions of LSW compared with the modern mix-
ing proportions. Thus, in contrast to previous findings25 our eNd record
supports the persistent production of LSW during most of the last gla-
cial cycle (Extended Data Fig. 6). In combination with a deep South
Atlantic eNd record, tracing the variability of the SSW endmember sig-
nature exported to the North Atlantic between 94 and 6 kyr ago7, the
fractions of NADW and SSW at our North Atlantic study site can be
estimated. The results of a simple mixing calculation (Methods) pro-
vide evidence for an overall dominance of NADW (up to 100%) dur-
ing the past 94 kyr, with the greatest decrease occurring during MIS 2,
but to a NSW fraction no lower than 60% (Methods and Extended Data
Fig. 7).

Our results indicate that NADW formation has been remarkably
stable. Although significant variations in the AMOC (for example
Dansgaard–Oeschger interstadials and Heinrich stadials) were recorded
in both the eNd and the 231Pa/230Th signatures over the entire record,
fully developed continental ice sheets of dimensions close to glacial
maxima are required for the AMOC to become prone to destabiliza-
tion. For instance, meltwater forcing during HS3–HS10 or the Younger
Dryas caused some transient weakening of NADW formation, but did
not result in its collapse and an invasion of SSW into the deep North
Atlantic at the expense of NADW. Only those Heinrich events that
occurred close to glacial maxima coinciding with massive expansions
of marine- and land-based ice sheets (HS1, HS2 and HS11) were able to
trigger the off mode. This points to a critical threshold of expanded con-
tinental (and marine) ice volume, with sea level approximately 80–
100 m below that of the present day (Fig. 3d); this threshold must be
exceeded to generate a collapse of the AMOC in the North Atlantic
during elevated Heinrich stadial fresh-water inputs. Accordingly, the
likelihood of dramatic changes in the strength of the AMOC as a con-
sequence of man-made global warming is considered low. Furthermore,
as an implication of the persistent active NADW formation, significant
carbon storage in the deep North Atlantic during MIS 3–MIS 5 is un-
likely, supporting hypotheses of large-scale, old marine carbon reservoirs
in the deep Pacific Ocean and Southern Ocean4,26.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
eNd. The deep-water Nd isotope signal was extracted from the Fe-Mn oxyhydroxide
fraction of bulk sediment of ODP 1063 following the leaching procedure described
in ref. 31. In total, 177 dried sediment samples (typically 0.2–0.3 g) were homo-
genized and subsequently treated with an acetic acid/sodium acetate buffer to
remove carbonate, followed by removal of adsorbed metals using a 1 M MgCl2
solution. The Fe-Mn oxyhydroxide fraction was extracted using a 0.05 M hydro-
xylamine hydrochloride/15% acetic acid/0.03 M Na-EDTA solution buffered to
pH 4 with NaOH. The REEs were separated from the leachate by cation exchange
chromatography using 50W-X8 resin followed by separation of Nd from the other
REEs using LN-Spec resin32,33. This leaching method was previously successfully
applied to sediments from a variety of oceanic settings7,34,35. Its application and
associated limitations have been well constrained by methodical and geographical
studies36–38. In addition, the deep-water Nd isotopic composition was extracted from
two ‘unclean’ foraminifera samples (the calcite and Fe-Mn oxyhydroxide fraction of
the foraminifera, with only clay and silicates removed), following ref. 39, to confirm
the validity of the leaching method. The fraction .63 mm was dried and mixed
planktonic foraminiferal species were picked. Individual foraminifera chambers
were broken into fragments and rinsed with MilliQ water to remove clays before
dissolution in a 0.05 M hydroxylamine hydrochloride/15% acetic acid/0.03 M Na-
EDTA solution buffered to pH 4 with NaOH. Our results obtained from the leach-
ates of the Fe-Mn oxyhydroxide fraction are in excellent agreement with the
unclean-foraminifera-derived Bermuda Rise eNd signatures published in ref. 8
and with the Fe-Mn oxyhydroxide-based Nd isotope record obtained earlier from
ODP 106327 (Fig. 3). Most importantly, ref. 27 demonstrated that the gentle reduc-
tive leaching method applied reproduced the foraminiferal eNd compositions
remarkably well for time intervals overlapping with those published in ref. 8 from
the same location (Extended Data Fig. 8 and Extended Data Table 1). The two new
eNd signatures extracted from unclean foraminifera in the frame of this study are
also fully consistent with the results obtained previously (Fig. 3 and Methods). Our
Nd isotope measurements were performed on two Thermo Finnigan Neptune in-
ductively coupled plasma mass spectrometers at the University of Bristol (UK) and
the National Oceanography Centre Southampton (UK). Instrumental mass frac-
tionation was corrected by normalizing the measured ratio of 143Nd/144Nd to
146Nd/144Nd 5 0.7219 using the mass bias correction procedure in ref. 40. The
measured Nd isotope ratios were normalized to the published 143Nd/144Nd value
of 0.512115 for JNdi-1 (ref. 41). Results given in the Supplementary Table 1 are
accompanied by the 2 s.d. external reproducibility of the 143Nd/144Nd measure-
ments based on repeated standard measurements, and amounted to 0.20 eNd (2 s.d.).
231Pa/230Th. Approximately 0.2 g of the dried and ground sediment were spiked
with 233Pa (milked from a 237Np solution), 229Th, 233U and 236U, followed by total
dissolution in a mixture of concentrated HCl, HNO3 and HF. The Pa, Th and U
aliquots were separated by anion exchange column chromatography using AG1-
X8 resin42. The 233Pa spike was calibrated against the reference standard material
UREM-1143,44 and an internal pitchblende standard45. Total 231Pa and 230Th activ-
ities were corrected for detrital input using a lithogenic activity ratio of 238U/232Th
5 0.47 based on the overall minimum of this ratio from a 300 kyr-old record of this
core46. The ingrowth of 231Pa and 230Th from authigenic uranium was determined
by applying the procedure in ref. 47 to calculate corrected excess 231Pa and 230Th
activities. Measurements of uranium, thorium and protactinium concentrations
were performed on a Thermo Finnigan Element2 and a Neptune inductively coupled
plasma mass spectrometer at the University of Heidelberg (Germany) and ETH
Zurich (Switzerland), respectively. Uncertainties of the 231Pa/230Th ratios are dom-
inated by the uncertainties of the measurements of the 231Pa concentrations and
were usually better than 5% (2 s.d.). However, owing to the short half-life of 231Pa
the uncertainties increase with the age of the samples. This effect was reduced by
using the error-weighted averages from at least three replicates for all data older
than 125 kyr. The error in 231Pa/230Th for individual samples corresponds to the
error propagation of the 2 s.d. errors of four obtained isotope ratios (231Pa/233Pa,
230Th/229Th, 232Th/229Th, 238U/236U). For 231Pa/230Th samples processed several
times (in particular for the age range .125 kyr) the uncertainties were calculated
by error propagation from the standard deviations of the average isotopic values.
A total of 109 new 231Pa/230Th values have been determined.
Biogenic opal. To assess the potential influence of changes in particulate biogenic
opal fluxes on 231Pa/230Th, its preserved concentration was measured on a total of
80 samples. The measurements followed the automated procedure for analysis of
dissolved silica by molybdate-blue spectrophotometry48. The opal fraction of the
sediment samples was dissolved in NaOH and subsequently acidified and mixed
with molybdate before the absorption was measured using a photometer. Bulk con-
centrations ranged from 0.7% to 8.8% with an error range of 2–70% (2 s.d.).
Age model. The age model for the period between 35 and 15 kyr ago is the same as
the one used in ref. 23. For the deeper parts of ODP 1063 (16 to 35 metres com-
posite depth), we established the age model by tuning the XRF-derived variability

of the Ti/Ca ratios of the core to the d18O values of the NGRIP ice core29,49,50. The Ti
input into the sediments is of terrigenous origin and can essentially be regarded as
constant under various climatic conditions at this location51. In contrast, the Ca
content of the sediment potentially varied mainly with vertical changes of the lyso-
cline and carbonate compensation depths over the last glacial cycle. Lysocline and
carbonate compensation depths depend on the carbonate saturation state of the
deep water, which is a function of water mass characteristics and organic carbon
export from the sea surface and its remineralisation in the deeper water column.
For the entire time interval between 130 and 35 kyr ago we assigned 24 tuning
points, hence one tuning point per approximately 3,500 yr. We set the tuning points
preferentially at the start and end points of Dansgaard–Oeschger interstadials and
assumed an uncertainty of 6500 yr for this dating approach. To optimise our choice
in setting the tuning points we designed a Monte Carlo algorithm, which varied all
tuning points within their given uncertainties to maximise the correlation between
the ice core data and the elemental composition of the sediment core. No age un-
certainties of the ice core data have been included in our approach. Both data sets
were detrended and normalized to their 2 s.d. standard variation before the corre-
lation calculation. The applied age model for ODP core 1063 corresponds to the high-
est correlation coefficient between both data sets (r 5 0.8), chosen out of 1,000,000
Monte Carlo realizations (Extended Data Fig. 1). Sections below 35 metres com-
posite depth represent the period before 120 kyr. This date represents the end of
the NGRIP ice-core chronology and, hence, the limit of our approach. For the
oldest period investigated in our study we thus stuck to the age–depth relationship
of ODP 1063 published in ref. 52. Our approach results in homogeneous and
relatively low sedimentation rates, with values below 20 cm kyr21 during warm
climate conditions. Higher and more variable sedimentation rates occurred dur-
ing colder stages, with highest values during the LGM yielding sedimentation rates
.100 cm kyr21 (Extended Data Fig. 2). A recent study20 discussed sortable silt
mean grain-size distributions from ODP 1063 during MIS 4. The corresponding
age model was established by tuning the d18O record of planktonic foraminifera to
the NGRIPd18O record between 91 and 53 kyr ago. Despite the existence of this age
model we developed a new one to avoid having to interconnect several age models
for the time period from 122 to 35 kyr ago. Both age models are very similar, showing
only minor differences (they differ at most by 1.2 kyr, between 75 and 60 kyr ago)
during the overlapping time period (Extended Data Fig. 3). Significant deviations
occur only in the calculated sedimentation rates. Reference 20 proposed three short
periods of time between 76 and 70 kyr ago with sedimentation rates higher than
100 cm kyr21, which is approximately one order of magnitude higher than in pre-
ceding and following time intervals. Such extreme variations cannot be confirmed
by our approach. Another advantage of the new age model is the high resolution of
the Ti/Ca data, which is crucial for dating the highly resolved eNd and 231Pa/230Th
records. In addition, we obtained 14C dates generated by accelerator mass spectrom-
etry for two samples of the planktonic foraminifera species Globorotalia inflata
(Extended Data Table 1). Both samples have been chosen to better constrain the
age control at the end of termination 1. This is in the age range of the Nd isotope
data set in ref. 8, for which leachate Nd isotope measurements also have been per-
formed to better estimate the reproducibility of both methods (Extended Data Fig. 8).
Potential effects of particle fluxes and composition on 231Pa/230Th. The scav-
enging efficiency of 231Pa and 230Th is controlled by particle size and composition,
and thus influences sedimentary 231Pa/230Th ratios53. Biogenic opal is believed to
have the strongest control on 231Pa/230Th given the high affinity of 231Pa to bio-
genic opal, which reduces the fractionation between the radionuclides in the water
column, leading to an increase of sedimentary 231Pa/230Th independent of the
strength of circulation. In particular, concerns about a biasing effect of 231Pa scav-
enging by biogenic opal on 231Pa/230Th arose from coinciding peaks of both pa-
rameters at this location during HS1 and HS222,23,54. To examine a potential control
for changes in the effect of biogenic opal flux on the 231Pa/230Th we determined bio-
genic opal contents and compared them with the 231Pa/230Th data. Although post-
depositional dissolution processes in the North Atlantic possibly mask the initially
deposited opal content, the high average sedimentation rate of ODP 1063 supports
a high preservation of the biogenic opal content23. Of 93 samples, 86 (time period,
135–0 kyr ago; Extended Data Fig. 4) display opal concentrations below 5%, sug-
gesting only a subordinate effect of biogenic opal flux on 231Pa/230Th (ref. 55). In
addition, the insignificant correlation between opal content and 231Pa/230Th (r2 5

0.16, P 5 0.11; Extended Data Fig. 5), and the absence of systematic opal enrich-
ments coinciding with 231Pa/230Th maxima near the production ratio, supports the
conclusion that the 231Pa/230Th signal has mainly been controlled by the basin-wide
AMOC during the investigated period of time at ODP Site 1063.
Extreme eNd signatures during Dansgaard–Oeschger interstadials 21 and 22.
In the Nd isotope record several short excursions to extremely negative eNd sig-
natures (,218) imply that significantly enhanced LSW production and admixture
had a dominant role during these particular two millennial-scale intervals assoc-
iated with Dansgaard–Oeschger interstadials 21 and 22 at 84 and, respectively,
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88 kyr ago. Excursions of almost the same magnitude have also been observed dur-
ing the early Holocene8 and were recorded in unclean foraminifera samples, which
rules out methodological artefacts (Supplementary Data). To push the Nd isotopic
compositions of NADW well below the modern eNd signature of 213.5, either the
Nd concentration of LSW had to be increased relative to the concentrations of
Denmark Strait Overflow Water and Iceland–Scotland Overflow Water56,57, and/
or significantly larger proportions of Central Baffin Bay Water (BBW, eNd < 220;
ref. 58) must have contributed to the Nd isotope signature of LSW and, subse-
quently, to NADW for a short period of time. There is very little information about
past Nd concentrations (ci) and only a few estimates of endmember eNd (ei) in
NADW59,60 and SSW, as well as associated water transfer rates (W? ij; Extended
Data Fig. 6). In a sensitivity test (steady-state simple three-box model) we constrain
these parameters by variation of the modern-day values to produce the unradio-
genic Nd isotope compositions of Dansgaard–Oeschger interstadials 21 and 22:

W?
12e1c1 2 W?

21e2c2 2 W?
23e2c2 1 W?

32e3c3 5 0

For this test we assume constant concentrations during the last glacial cycle, because
there is very little information about glacial seawater Nd concentrations. The applied
parameter set is based on estimates in ref. 58 with e1 5 220, e2 5 218, e3 5 29,
c1 5 4.7 pg g21, c2 5 2.5 pg g21, c2 5 2.0 pg g21, W?23 5 W? 32 5 18 Sv and W? 12 5 W? 21

5 6 Sv. To obtain the extremely unradiogenic Nd isotope signatures of Dansgaard–
Oeschger interstadials 21 and 22 the values for c1 need to reach 6.5 pg g21. Today
such high values have been measured only in central Baffin Bay58; values from far-
ther south range between only 2 and 4 pg g21 (ref. 24). Alternatively (with an un-
changed c1 5 4.7 pg g21) W? 12 needs to be increased to up to 10 Sv, which would
imply considerable changes in the water mass distribution during these periods.
The most likely scenario, though, may comprise the combination of variations in
both parameters. The results of this simple sensitivity test imply that the eNd signa-
tures observed during Dansgaard–Oeschger interstadials 21 and 22 can be explained
by moderate combined changes in both water mass transfer rates and Nd con-
centrations. For most of the observed time range, however, the variability in the
admixture of BBW had a negligible effect on the signature of admixed NADW at
the Bermuda Rise given the narrow range of eNd values observed during cold and
off modes (Fig. 4) and the 231Pa/230Th signals clearly below the production ratio
over most of the past 140 kyr (Fig. 3).
Comparison to a South Atlantic eNd time series. The eNd variability in ODP 1063
on the Bermuda Rise is interpreted in terms of mixing of different portions of
NADW and SSW. Hence, this record provides information about past changes of
the water mass distribution and their mixing proportions in the North Atlantic.
The mixing of NADW and SSW at ODP 1063 based on Nd isotopes and concen-
trations can be described by a linear mixing model:

eNd(ODP 1063)~

fNADWcNd(NADW)eNd(NADW)ð

z(1{fNADW)cNd(SSW)eNd(SSW)Þ

| fNADWcNd(NADW)z(1{fNADW)cNd(SSW)ð Þ{1

ð1Þ

where cNd is the concentration of Nd in either SSW and NADW, and eNd is the
endmember eNd signature of SSW, NADW or the mixture at ODP 1063.

The fractions of NADW (fNADW) and, consequently, SSW (fSSW) in the mixture
are then given by fNADW 5 1 – fSSW, or

fNADW~ 1z
eNd(NADW){eNd(ODP 1063)

eNd(ODP 1063){eNd(SSW)

cNd(NADW)

cNd(SSW)

� �{1

ð2Þ

However, not all parameters of equation (1) and (2) are known for the past, and
assumptions must be made to constrain their values. Accordingly, given the lack of
information on some parameters, the calculations presented here are only a semi-
quantitative sensitivity test. What is known, complemented by the eNd reconstruc-
tion in ref. 8, is our continuous eNd record for the last 140 kyr from the deep western
North Atlantic, representing eNd(ODP1063). Moreover, ref. 7 provided a recon-
struction of the eNd signature of the SSW endmember eNd(SSW) for the time in-
terval from 94 to 6 kyr ago from core RC11-83/TN057 in the South Atlantic. The
records are compared with each other by interpolating and incrementing each of
them to a time resolution of 100 yr, resulting in two smoothed data sets. Of the
unknowns, we first consider the Nd concentrations for NADW (cNd(NADW))
and SSW (cNd(SSW)). So far it has not been possible to reconstruct Nd concen-
trations of past seawater. Given the lack of evidence for variable glacial deep-water
cNd, and because the concentration terms in equation (2) are in fact insensitive to
concurrently increasing or decreasing concentrations, the assumption of constant

Nd concentrations is a good first-order approach in this sensitivity test. The mean
Nd concentration of modern NADW can be quantified as 2.9 pg g21 (refs 58, 61,
62). The Nd concentration of modern SSW found around core RC11-83/TN057 is
significantly higher, at about 5 pg g21 (ref. 63). For eNd(NADW), we assume a var-
iable endmember composition between 214 and 216, which is close to the least
radiogenic data of the ODP 1063 record, neglecting the two pronounced Dansgaard–
Oeschger interstadials. Although there is some uncertainty and the choice of
eNd(NADW) value influences the calculated fNADW, the finding that NADW was
the dominant water mass during the past ,100 kyr (Extended Data Fig. 7), not
dropping below 60% NSW admixture, is robust.
Comparison with a previous 231Pa/230Th data set. To exclude the possibility that
the 231Pa/230Th record of past ocean circulation of ODP 1063 is biased by local var-
iability of particulate fluxes, we compare our record with previously published data
in the North Atlantic. Reference 64 provided a down-core 231Pa/230Th profile of
core SU90-11 (2,000 km to the northeast of the Bermuda Rise, at 3,645 m water
depth). Of all North Atlantic 231Pa/230Th profiles available at present, SU90-11 is
the best for comparison with the ODP 1063 record in terms of oceanic setting, water
depth, distance to the margin and, in particular, temporal coverage. The measured
values of both records agree very well within the given uncertainties. For the time
range of overlap (from 125 kyr to 60 kyr ago), both down-core records consistently
indicate an active AMOC and strong NADW export during MISs 4 and 5, and a
well-constrained increase across the MIS 5/MIS 4 transition (Extended Data Fig. 9).
It is only some short-term excursions to high 231Pa/230Th (,105 kyr, ,90 kyr and
,65 kyr ago) that apparently did not occur simultaneously. Small uncertainties in
the age models and issues with temporal resolution are most probably responsible
for these deviations, given that the generally low opal concentration levels in both
cores exclude any local overprinting of the 231Pa/230Th circulation signal by changes
in opal fluxes.
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Extended Data Figure 1 | Bermuda Rise sediment Ti/Ca compared with NGRIP ice-core d18O. Age control points (red) aligning the Ti/Ca profile of ODP 1063
(b) with the d18O time series of the NGRIP ice core (a).
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Extended Data Figure 2 | Sedimentation rates of ODP 1063.
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Extended Data Figure 3 | Comparison of age models for ODP 1063. Tuning
points used in this study and by ref. 20. The age models agree within few 100 yr.
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Extended Data Figure 4 | 231Pa/230Th and opal concentration records of ODP 1063. Comparison of the 231Pa/230Th data (a; error bars, 2 s.d.) with the
variations in the opal concentration (b; error bars, 2 s.d.).
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Extended Data Figure 5 | 231Pa/230Th as a function of opal concentration.
According to the P value the weak positive correlation (r2 5 0.16, a . 5%) of
the opal concentration (error bars, 2 s.d.) and the 231Pa/230Th ratio (error
bars, 2 s.d.) is not significant. The grey shaded area indicates preserved opal

concentrations above 5%, below which no measurable influence on
sedimentary 231Pa/230Th has been found in the framework of an
Atlantic-wide study55.
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Extended Data Figure 6 | Three-box model including Nd isotope ratios,
Nd concentrations and exchange rates. W? ij is the water exchange between the
boxes i and j, ei is the Nd isotope composition, and ci is the Nd concentration.
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ODP 1063 (4584 m)

RC11-83 (4718 m)

TN057-21 (4981 m)

Extended Data Figure 7 | Fraction of NADW at the Bermuda Rise. Water
mass mixing is derived from a linear mixing model and eNd data sets from
ODP 1063 and RC11-83/TN0577 for three different eNd(NADW) values.
Given the uncertainties of the boundary conditions, in particular Nd
concentrations and endmember variability, we focus on the long-term trend of
the AMOC only and use a 10 kyr running mean for eNd(ODP 1063) and

eNd(SSW). For the calculations a range of endmember compositions for
eNd(NADW) has been assumed (214 to 216), defining the range of
uncertainty (bright blue). The calculations show that there was an increase
in the fraction of SSW and a decrease in the fraction of NSW in the water mass
mixture at ODP 1063 only during the peak of the last glacial period.
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Extended Data Figure 8 | Comparison of eNd results from the Bermuda Rise. eNd obtained from bulk sediment leachates (blue27; red, this study) reproduces
foraminifera-derived eNd (black8) within the standard deviation (error bars, 2 s.d.).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2015



Extended Data Figure 9 | North Atlantic 231Pa/230Th profiles. Data from ODP 1063 (red; error bars, 2 s.d.) compared with data from SU90-1164 (black; error
bars, 1 s.d.).
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Extended Data Table 1 | Measured radiocarbon ages for Globorotalia inflata

Age uncertainties are given as 1 s.d. The calibration of the radiocarbon ages was performed with OxCal v4.2.3 (ref. 65) using the IntCal2013 data set66 and assuming a 400 yr surface radiocarbon reservoir age.
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