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Reduced North Atlantic Deep
Water flux to the
glacial Southem Ocean inferred

from neodymium isotope ratios

' Randye L. Rutberg"t, Sidney R, Hemming* & Steven L. Goldstein*

* Lamont-Doherty Earth Observatory and Department of Earth and

Envirpnmental Sciences, Columbia University, Palisades, New York 10964, USA
The global circulation of the oceans and the atmosphere trans-
ports heat around the Earth. Broecker and Denton' suggested that
changes in the global ocean circulation might have triggered or

. enhanced the glacial-interglacial cycles. But proxy data for past

circulation taken from sediment cores in the South Atlantic Ocean

. have yielded conflicting interpretations of ocean circulation in

glacial times—3&'C variations in benthic foraminifera’-* support

~ the idea of a glacial weakening or shutdown of North Atlantic
: Deep Water production, whereas other proxies, such as Cd/Ca,

Ba/Ca and **'Pa/*°Th ratios, show little change from the Last
Glacial Maximum to the Holocene epoch’’. Here we report
neodymium isotope ratios from the dispersed Fe-Mn oxide
component of two southeast Atlantic sediment cores. Both cores

t Present address: Department of Geography, Hunter College of CUNY, 695 Park Avenue, New York,
New York 10021, USA.
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show variations that tend towards North Atlantic signatures
during the warm marine isotope stages 1 and 3, whereas for the
full glacial stages 2 and 4 they are closer to Pacific Ocean
signatures. We conclude that the export of North Atlantic Deep
Water to the Southern Ocean has resembled present-day condi-
tions during the warm climate intervals, but was reduced during
the cold stages. An increase in biological productivity may explain
the various proxy data during the times of reduced North Atlantic
Deep Water export.

In the present ‘conveyor’ mode, deep water formed in the North
Atlantic flows southwards to the circum-Antarctic Southern Ocean.
Circumpolar waters flow to the Indian and Pacific oceans, where
they upwell and return to the North Atlantic as intermediate and
surface waters. The warm and salty northward-flowing surface
water releases heat, maintaining mild temperatures in Europe.
Whether the conveyor operated during full glacial stages is still an
open question, due to the conflicting signals from palacocirculation
proxies in South Atlantic sediments. The importance of ocean
circulation in modulating the global climate warrants the use of
additional proxies to resolve this conflict.

Neodymium isotope ratios (eyg; see Table 1) in sea water and
marine precipitates have characteristics that make them powerful
palacoceanographic tracers. They are distinct in different ocean
basins, with the highest values in the Pacific (exg = 0 to —4) and the
lowest values in the North Atlantic (eng =~ —14), broadly reflecting
the ages of the surrounding continents (see refs 10, L1 and references
therein). Circum-Antarctic Nd isotope ratios are intermediate,
consistent with mixing of Atlantic- and Pacific-derived waters''*?,
Like stable-isotope and trace-element proxies, Nd isotope variations
in sea water can be directly related to water masses in depth profiles
(see, for example, refs 12-16). However, Nd isotope ratios are not
measurably fractionated by biological processes or temperature.
Therefore, in situations where these effects may cause complications
with conventional tracers, the Nd isotope signatures of the source
waters are conserved. In the outer layers of Fe~Mn crusts and
nodules, Nd isotopes show systematic geographical variations
consistent with present-day deep-water circulation'’. However,

Table 1 South Atlantic cores Nd isotope data
N'JNd/luNd

Depth in core Age ™

(cm) (kyr)

RC11-83

25 25 0.512208 = 09 -8.39 £ 0.18

126 8.9 0.512180 = 07 -8.93£0.14
249 143 0.512261 = 12 -7.35=0.23
3908 19.7 0.512310 = 11 -6.40 = 0.21
600 25.4 0.512296 = 07 -6.67 £ 0.14
780 33.1 0.512236 = 21 -7.84 = Q.41
839 35.8 0.512234 = 09 -7.88 = 0.18
999 44.0 0.512185 10 -8.84 £0.20

1,101 49.9 0.512204 = 13 -8.49 = 0.20

1,251 59.7 0.512260 = 10 ~7.37£0.20

1,285 62.1 0512271 = 14 -7.16 = 0.27

1,381 67.4 0.512224 = 07 -8.08 = 0.14

TNOS7-6PC

15 Holocene 0512222 = 18 -8.11 £ 0.35

60 Stage 2 0.512432 = 11 -4.02 = 0.21

RC11-83 is a dry core from the LDEO Core Repository: TNO57-6PC is a8 wet core from the OQP
Repository at LDEO. Fe~Mn oxide fracti of sedi were leached using hyadroxyi
hydrochioride following dissolution of the carbonate fraction with buffered acetic acid. Rare-earth
elements (REE) were isolated using TruSpec resin, and Nd was sep. using a-hydroxy

tyric acid and cation resin. The procedural Nd blank is ~250 pg, which ranges from 0.2% to O,P% of
1he total Nd in each sample, and is thus negligible. Nd was by dy ic multic as
NJO* on a VG (Micromass) Sector 54 mass spectrometer at LDEO. '“*Nd/'*‘Nd ratios were
normalized 10 "*Nd/'‘Nd = 0.7219 and adjusted 1o a value of 0.511860 for the La Jolia Nd
standard. Reporied 8rTors are in-run 20mesn. The average Ls Jolla measured vaiues over two
measurement periods were 0.51 1835 = 22 (2¢ external reproducibility,n = 12), and 0.511848 = 23
(n = 19), and these (£0.44 «xq units) are taken as the erors. Sample RC11-83 at 1,101 cm was
measured as Nd* by static multicoliection on a Micromass P-54 Sector Multicoliector ICP-MS at
LDEO. The average measured La Jolia vaiue was 0.511862 = 8 (2¢ external rowodusjbmly‘.‘:‘a = 8).
eng is 1he deviation of measured '“*Nd/'*Nd ratios from the bulk Earth value of "'Nd/'*Nd =
0.512838 in pants per 10°. Emrors In the **Nd/'*‘Nd ratios are in the fifth place after the decimal
point.
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their slow accumulation rates of a few mm per Myr limit their
usefulness to the tracking of ocean circulation changes over glacial-
interglacial timescales.

Fe—Mn oxides precipitate from the water column as coatings on
biogenic and detrital phases and as particles. To the extent that their
Nd isotope ratios record and retain deep-water compositions, they
can be directly integrated with high-resolution proxy records in
sediment cores. Thus, unlike Fe-Mn nodules and crusts, deep-sea
cores allow study of ocean circulation over sub-glacial timescales.

We report downcore Nd isotope data from the dispersed Fe~Mn
oxide component of two southeast Atlantic cores. RC11-83
(40° 36" S, 9° 48’ E, 4,718 m, ~25cmkyr™") is from the Cape
basin. TNO57-6PC (42° 55’ S, 8° 53’ E, 3,750m, ~15cmkyr™) is
from south of the Cape basin. Both lie slightly north of the Subpolar
Front. RC11-83, extending from the Holocene to the marine isotope
stage (MIS) 4-5 transition at ~70kyr, is one of the most intensively
studied cores in the South Atlantic, with a detailed "C chronology
and stable-isotope record*é. Variations in benthic foraminiferal
8"C (Fig. 1) have been interpreted to indicate a reduced flux of
North Atlantic Deep Water (NADW) to the South Atlantic during
the last glacial maximum (LGM) and MIS 4.

The Fe~Mn component of samples was isolated using a leaching
procedure (Table 1). High-sedimentation-rate cores were sampled

. in order to minimize possible pore water smearing effects of the Fe—

i Mn signal over significant time intervals represented in the cores.

The integrity of the marine signal was tested in two ways. Firstly, all
of the leachates have Quaternary seawater values of *Sr/%Sr =
0.70919-0.70922. Coexisting silicate detritus values of 0.717-0.723
(S.L.G., S.R.H,, S. Kish and R.L.R,, unpublished data) are so much
higher than sea water that a tiny amount of detrital contamination
of the Fe—~Mn leachates would be easily detected. The marine Sr
isotope values provide strong evidence that we recovered the sea-
water signal for Sr. While this does not guarantee a seawater Nd
signal, Nd is less soluble than Sr and less likely to experience cross-

. contamination from detritus. A second test is based on relationships

between deep Atlantic seawater Nd isotopes and dissolved silica
(Fig. 2a), using silica as an index of mixing between NADW (low
§i0;) and water derived from the Southern Ocean (high SiO;). They
show an excellent correlation, strongly indicating that Nd isotope
variations in the deep Atlantic primarily reflect mixing of northern-

: and southern-derived waters. Nd isotope ratios of Holocene Fe~Mn

leachates from the two cores, plotted against the SiO, content of the

0.4 -10
Holocene LGM Stage 3
0
— 0.4
L
) &
© 08
(e -
-1.2 — 8"3C benthuc toraminifers > ?2) S
Nd isotope data:
I‘N«e”' ‘|0 RC11-83 la
®_TNO57-6 PC
6 20 a0 a0 50 60 70 80
Age (kyr)

Figure 1 ***Nd/'**Nd ratios of Fe—Mn leachates and benthic foraminiferal 5'°C versus
age. Ages and 3'°C values for RC11-83 (left axis) are from refs 4 and 6. Holocene and
LGM samples for TNOS7-6PC are based on the stable-isotope stratigraphy (D. Hodell,
personal communication) and not meant to correspond to the precise age. The Nd isotope
data (right axis) corroborate the 5'3C evidence for glacial—-interglacial changes in the

i NADW component at these sites. Core TNO57-6 shows a more extreme excursion
i towards Pacific-like eng values during the LGM.
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overlying bottom water", lie on this correlation. We conclude from !
these tests that the Nd isotopes in the Fe—-Mn leachates faithfully |
record the bottom water. )

Downcore in RC11-83, Nd isotopes of the Fe~Mn leachates !
follow the benthic foraminiferal 8'°C variations (Fig. 1). They !
vary cyclically with climate stages, with the lowest values in the
Holocene and MIS 3 (eng = -9), higher values during the LGM and
MIS 4 (reaching eyg = —6), and intermediate values during MIS
transitions. Two analyses from the southerly core TNO57-6 show
the same Holocene-LGM pattern but a larger difference. Its
Holocene eyg value is similar to that of RC11-83. The deep water
at these sites is mainly Circumpolar Deep Water (CDW) from the
Antarctic Circumpolar Current (ACC), but the dissolved SiO, is
lower than Drake Passage CDW (Fig. 2a), indicating the presence of
an additional component derived from the North Atlantic. This is
fully consistent with the lower eyg values of the Holocene Fe~Mn
leachates compared to Drake Passage CDW (ref. 12). Although
TNO57-6 is located only ~2° to the south of RC11-83, its LGM
value of eng = —4.02 is significantly higher than that of RC11-83.
Both cores lie slightly north of the southeast Atlantic~Circumpolar
transition zone, reflected by sharp vertical and latitudinal gradients
in dissolved SiO; (ref. 17). We speculate that the larger offset of the
LGM eyq values between the cores, in contrast to the similarity in
Holocene values, may reflect a northward shift of the transition

a -6

Deep Atlantic Seawater & Core Top Fe-Mn Leachate4

o
-8
TNOS57-6 -{5 gsO
-8 RC11-83 + % ©
'? -104
-11 . °
-12 P a9 o
(5 ') a
-13; a5 o A Drake Passage water
Q%D © South Atlantic water
-4 @ D North Atiantic water
-15 v r ' v v v v
0 20 40 60 80 100 120 140 160
p O

Seawater & Fe-Mn nodules and crusts

-2
-4
-6
.
2 -8
-
-10p "
-’-!i’ ' i
- ; © Pacific water
12 «'”r‘.‘d’» . aciﬁche-Mn
- . a Drake Passage Fe-Mn
14 "2y Field of o South Atlantic Fe-Mn
Atlantic water |® North Atlantic Fe-Mn
-1
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SiO, (umol kg™')

Figure 2 Dissolved silica versus Nd isotope ratios. a, ey values of dissoived Nd in deep
seawater and in South Atlantic core-top Fe~Mn leachates. The leachate data are plotted
against bottom-water dissolved silica at the site'’, and fall on the Atiantic seawater trend.
D, eng In deep seawater and in Fe—Mn nodules and crusts. The Fe—Mn samples are
plotted against bottom-water dissolved silica at the same sites'”. Each Fe-Mn nodule and
crust sample averages over several glacial—interglacial cycles. Most North Atlantic and
Pacitic Fe=Mn samples fall on the modern seawater trend. South Atlantic sampies fall off
the trend. Seawater and Fe~Mn data are from the literature.
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zone, with southerly core TNO57-6 fully within CDW but RC11-83
still within the transition. The gradient’s LGM location may be
partly affected by the Agulhas ridge, with ~2,000 m of relief, which
restricts deep-water flow into the Cape basin",

Atlantic trace-element and stable-isotope records have been
interpreted to indicate a glacial shallowing of NADW™", or a
decrease in the NADW formation rate?™ during cold climate
stages. The LGM values in both cores are higher than present-day
Circumpolar seawater values (exg = ~7 to =9). In the southerly core
TNO57-6, the LGM value of exg = ~4.02 indicates that deep
Circumpolar waters had Pacific-like Nd isotope ratios.

The vigour of modern-day ACC flow and the efficiency of vertical
mixing are reflected by nearly constant Nd isotope ratios in depth
profiles from the Drake Passage'’. Higher Nd isotope ratios in
glacial Circumpolar water indicate a larger Pacific Nd component.
However, it has been suggested that NADW may have survived as a
coherent intermediate-depth water mass in the ACC during full
glacial stages™. If the ACC was stratified, then glacial Circumpolar
Deep Water might show a reduced NADW signal due to inefficient
vertical mixing, rather due to than a change in the NADW flux to the
Southern Ocean. In the modern-day ACC, the low-SiO, ‘tongue’ of
NADW can be traced in water column profiles of the Atlantic sector
of the Southern Ocean only as far as ~55° E in the western Indian
sector”’. Thus, in order for NADW to survive as a coherent water
mass around the entire Circumpolar perimeter, an ACC flow regime
drastically different from today would be required. A glacial ACC
more sluggish than the modern-day is directly at odds with con-
clusions of a recent study®. It is more likely that the reduced
influence of Nd derived from the North Atlantic during full glacial
stages is a consequence of decreased export of NADW,

Although our data support reduced NADW export to the
Southern Ocean during cold climate stages, we have considered
alternative possibilities. These include an additional source of Nd to
the South Atlantic, a shorter glacial residence time of deep Atlantic
Nd (resulting in a smaller NADW-Nd flux reaching the ACC despite
a robust NADW-water flux), or changes in the Nd isotope ratio of
the NADW or Pacific end-members. We now consider these three
alternatives. ,

Antarctic ice cores show an increased aeolian dust flux derived
from Patagonia during MIS 2 and 4% If the higher particle flux
scavenged dissolved Nd from NADW more efficiently during the
LGM than today, the strength of the NADW eygq signal could have
been diminished even if the water flux remained constant. The
Pacific-like LGM eng of sourtherly core TNO57-6 requires that
enhanced scavenging in the Atlantic effectively extracted all of the
Nd before the NADW reached the ACC. However, higher glacial
dust input to the Pacific would have had the same enhanced
scavenging effect on dissolved Nd. If deep water Nd concentrations
decreased in both end-members, the Nd isotope ratios of mixtures
would be conserved. Alternatively, if the Patagonian dust equili-

| brated with deep seawater, its high eng ( = =3 to +8; ref. 23) could

! serve as a source of radiogenic Nd in the South Atlantic and
. ACC. However, in the modern north Pacific, where the aeolian

component from China loess (eng = —10) dominates the terri-
genous input®, Fe~Mn crusts and nodules reflect local bottom
water having much higher values (eyg = —4 =2). In the North
Atlantic there is negligible exchange between deep waters and
sinking particles ‘armoured’ by organic material®®. Enhanced dust

. flux has been linked to productivity increases, which would increase
. the biological packaging of particles, and further inhibit isotopic

exchange with sea water®. Thus it is unlikely that enhanced dust
fluxes caused the glacial increase of South Atlantic deep-water eng
values.

Local input from Antarctica could also influence Circumpolar Nd
isotope ratios. There are no published Nd isotope analyses of water
or sediments near Antarctica, hence Antarctic control on Southern
Ocean water cannot be definitively precluded. However, the strong
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dissolved SiO;~eng correlation in the modern Atlantic (Fig. 2a)
shows that deep-water masses retain characteristic Nd isotope
signatures over long travel paths. Nd isotopes in the ACC, inter-
mediate to the North Atlantic and Pacific, are consistent with
mixing of these sources, arguing against input from Antarctica as
the controlling factor in the Southern Ocean.

Changes in eyg of the Pacific or Atlantic end-members would also
result in changes in the ACC. In the equatorial Pacific, a Fe-Mn
crust in which glacial-interglacial timescales are resolvable shows
constant eyg of about —4 through stages 1-6. Nd isotope ratios in
the sampled outer layers of most other Fe~-Mn nodules represent
averages over 10°-10%years, encompassing several glacial cycles.
Pacific and most North Atlantic data, plotted against SiO, of bottom
waters, lie on the modern seawater dissolved SiO,—enq trend
(Fig. 2b). In contrast, most South Atlantic data are offset to high
eng values and thus more Pacific-like than expected from the
modern-day bottom-water silica abundance. Thus the available
Fe-Mn data indicate that the North Atlantic and Pacific end-
members remained stable through the late Pleistocene, and that
th:l South Atlantic, on average, had a larger Pacific component than
today. -

How sensitive are ACC Nd isotope ratios to NADW flux changes?
Mass balance of Nd in the Southern Ocean—assuming an ACC
volume of 1.5 X 10'” kg, a Holocene NADW flux of 22 Sv with €Nd =
-13.5 and Nd = 22 pmoll™, and a Pacific flux of 18 Sv with exg =
-4.5 and Nd = 42 pmol 1™ (refs 15, 16, 28, 29)—gives a reasonable
ACC water residence time (120yr) and Nd isotope ratio (eng =
-8.4)"*", Because of the short residence time of Circumpolar water,
ACCNd isotope ratios respond to input changes within hundreds of
years. If the NADW flux decreased by 50% during the LGM, then the
eng of the ACC increases only to —7.0, insufficient to account for the
LGM values (Fig. 1). The present-day NADW value (exg = —13.5) is
a mixture of sources from the Labrador Sea (eng = —20) and the
Denmark Straits and the Norwegian Sea (eyg = ~9)'*'%. If the glacial
NADW flux was same as today, but the eng of NADW increased to =9
(that is, no Labrador Sea component), then the ACC eyq4 value
increases to —6.4, again much lower than the LGM value of south-
erly core TNO57-6. Although the real system is more complicated,
some situations are implicit in these scenarios. For example,
enhanced loss of NADW Nd in the LGM due to a higher scavenging
efficiency follows the same mass balance scehario as a decreased
NADW flux. A robust outcome of the mass balance is that an eyng
value of = =5 for the glacial ACC cannot be attained by moderate
perturbations to the system. Rather, unless the eng of the NADW and
Pacific end-members both increased (unsupported by data), or
there was an additional high-eyg source of Nd to the South Atlantic
or ACC (unconstrained by data), then the high LGM Nd isotope
ratios indicate a drastic decrease in the glacial export of NADW,

The Nd isotope data support interpretations that LGM 3"’C
values of benthic foraminifera in RC11-83 and other South Atlantic
cores*™® reflect a much-reduced NADW flux to the South Atlantic.
However, these conclusions conflict with the no-change inter-
pretations based on Cd/Ca, Ba/Ca and ¥'Pa/**°Th ratios®*™. If
the NADW flux decreased, then alternative explanations are
required to explain these data. Charles et al.® note that the §"°C
decrease in RC11-83 during the LGM of 1.2%o (Fig. 1) is more than
double that expected from a complete shutdown of NADW. They
propose a combined change in thermohaline circulation and an
increase in export productivity. Oxidation of the increased amount
of organic matter would ?rovide a pool of isotopically light carbon,
in which case the low 8"°C would reflect mixing of organic and
bottom-water carbon®. The excess CO, produced would also
enhance CaCO; dissolution, which has been shown to cause low-
ering of Ba/Ca and Cd/Ca ratios®, driving them towards Holocene-
like values.

A reduction of the NADW flux and its associated 2*'Pa load to the
glacial Southern Ocean would increase the pool of *'Pa remaining
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in the glacial North Atlantic, suggesting an expected glacial pattern
of higher North Atlantic and lower South Atlantic 2*'Pa/*°Th ratios.
Because 2'Pa/?*°Th ratios in sediments co-vary with particle flux as
well as with water column ?'Pa activity, this pattern might be
reversed by changes in particle flux. Enhanced biological activity
along- glacial North Atlantic continental or ice margins would
ix;lcrease boundary scavenging of 2'Pa, leading to a depletion of

Pa at the middle ocean sampling sites of Yu et al.’, which might
buffer the 'Pa/***Th ratios to Holocene values (R.F. Anderson,
personal communication). In the Southern Ocean, higher glacial
diatom productivity near the sample sites (proximal to the Polar
Front) would enhance delivcr?' of 'Pa to sediments and counter the
effect of reduced import of *'Pa via NADW. Some Southern Ocean
studies have interpreted »'Pa/**Th ratio variations as reflecting
%x;od\.lzgtivity f:hapges”"‘. A recent study’ concluded that
*'Pa/*°Th ratios in Southern Ocean sediments are insensitive to
changes in NADW production.

Nd isotope ratios remain unfractionated by productivity changes,
but reflect the ages of the continental sources. The simplest
explanation for the Nd isotope variations is a decreased NADW
flux during cold stages. This, coupled with increased glacial bio-
logical productivity, could reconcile the various proxy data for the
Southern Ocean. : 0O
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The volcanic edifice of the Hawaiian islands and seamounts, as
well as the surrounding area of shallow sea floor known as the
Hawaiian swell, are believed to result from the passage of the
oceanic lithosphere over a mantle hotspot'~. Although geochemi-
cal and gravity observations indicate the existence of a mantle
thermal plume beneath Hawaii**, no direct seismic evidence for
such a plume in the upper mantle has yet been found. Here we
present an analysis of compressional-to-shear (P-to-5) converted
seismic phases, recorded on seismograph stations on the
Hawaiian islands, that indicate a zone of very low shear-wave
velocity (< 4kms™) starting at 130-140km depth beneath the
central part of the island of Hawaii and extending deeper into the
upper mantle, We also find that the upper-mantle transition zone
(410-660 km depth) appears to be thinned by up to 40-50 km to
the south-southwest of the island of Hawaii. We interpret these
observations as localized effects of the Hawaiian plume conduit in
the asthenosphere and mantle transition zone with excess tem-
perature of ~300°C. Large variations in the transition-zone
thickness suggest a lower-mantle origin of the Hawaiian plume
similar to the Iceland plume’, but our results indicate a 100°C
higher temperature for the Hawaiian plume.

Evidence has recently been reported for seismic velocity anoma-
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