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Abstract

Many marine radiogenic isotope records show both spatial and temporal variations, reflecting both the degree of mixing of
distinct sources in the oceans and changes in the distribution of chemical weathering on the continents. However, changes in
weathering and transport processes may themselves affect the composition of radiogenic isotopes released into seawater. The
provenance of physically weathered material in the Labrador Sea, constrained through the use of Ar—Ar ages of individual detrital
minerals, has been used to estimate the relative contributions of chemically weathered terranes releasing radiogenic isotopes into
the Labrador Sea. A simple box-model approach for balancing observed Nd-isotope variations has been used to constrain the
relative importance of localised input in the Labrador Sea, and the subsequent mixing of Labrador Sea Water into North Atlantic
Deep-Water. The long-term pattern of erosion and deep-water formation around the North Atlantic seems to have been a relatively
stable feature since 1.5 Ma, although there has been a dramatic shift in the nature of physical and chemical weathering affecting the
release of Hf and Pb isotopes. The modelled Nd isotopes imply a relative decrease in water mass advection into the Labrador Sea
between 2.4 and 1.5 Ma, accompanied by a decrease in the rate of overturning, possibly caused by an increased freshwater input
into the Labrador Sea.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A number of radiogenic isotopes in seawater are
sensitive to changes in continental weathering process-
es, and their changes over time offer the potential to
elucidate the links between chemical weathering, con-
sumption of atmospheric CO,, and global temperature.
Radiogenic isotopes of elements with long oceanic

* Corresponding author. Tel.: +41 44632 6869.
E-mail address: reynolds@erdw.ethz.ch (B.C. Reynolds).

0009-2541/% - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.chemgeo.2005.09.023

residence times, such as strontium, are very well
mixed in the oceans and can be used to estimate
long-term changes in global continental weathering
because continental weathering releases Sr with high
87Qr/80Sr (e.g., Richter et al., 1992). In contrast, ra-
diogenic isotopes with oceanic residence times similar
to the mixing time of the oceans, such as neodymium
(Nd), hafnium (Hf), and lead (Pb), preserve regional
variations that reflect local erosional sources and their
subsequent dispersal by ocean circulation (Albarede
and Goldstein, 1992; von Blanckenburg et al., 1996;
Albarede et al., 1998; Frank, 2002). These radiogenic
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isotopes can thus eclucidate the pattern of global
weathering on a regional scale. O’Nions et al
(1998) have shown that the largest changes in marine
radiogenic isotope records over the past few million
years have been recorded in north-western Atlantic
ferromanganese crusts (detailed by Burton et al.,
1999; Reynolds et al.,, 1999; van de Flierdt et al.,
2002), rather than the Indian or Pacific Ocean records
(Ling et al., 1997; O’Nions et al., 1998). These iso-
topic signatures in the North Atlantic are associated
with the input of old continental material around the
Labrador Sea and changed with the intensification of
Northern Hemisphere Glaciation (NHG) (O’Nions et
al., 1998; Burton et al., 1999; Reynolds et al., 1999).
However, the difficulty with interpreting such isotope
patterns as a simple increase in continental weathering
is that changes in weathering and erosional transport
processes, with glaciation, may themselves alter the
radiogenic isotope signal to the oceans (von Blanck-
enburg and Néigler, 2001). Thus, the chemical and
radiogenic isotopic records cannot be used to distin-
guish those changes that occur as a result of a change
in weathering congruence from those caused by a
change in the geographical source of material. By
determining the age, and hence source, of eroded
material from the physically weathered material, it is
possible to estimate the radiogenic isotope composi-
tion released during the weathering of these terranes.
Ar—Ar ages for detrital amphiboles have been used to
estimate the Nd-isotope composition eroded into the
Labrador Sea (Reynolds et al., 2004). This estimate
can be directly compared to Nd-isotope data from
planktonic foraminifera (Vance and Burton, 1999)
from the same sediment core. In this study we use a
two-box model of Nd-isotope variations to constrain
the relative importance of localised weathering into
the Labrador Sea and the degree of mixing of Nd into
North Atlantic Deep-Water.

The Nd isotope composition of North Atlantic Deep-
Water (NADW) shifted from eng=—11.5 to —13.0,
between 3.0 and 2.0 Ma (Burton et al., 1999). The
deep-water that forms in the Labrador Sea today has
the most unradiogenic Nd-isotope composition of the
global ocean due to the Archean crustal ages of the
surrounding terranes. Since 2 Ma, &ng decreased by
<0.5 of an epsilon unit, but Hf isotopes decreased in
egr by 2.5-4 epsilon units toward the present-day
values (van de Flierdt et al., 2002). Pb isotopes changed
on the same time scale as Hf isotopes. Thus, the radio-
genic isotope records preserved by Fe—Mn crusts reveal
an offset between the changes in the Nd-isotope record
and those of Hf and Pb. It has been argued that the

isotopic shifts reflect either changes in the source, and
hence composition, of the material being eroded and
transported to the Labrador Sea (Burton et al., 1999;
Reynolds et al., 1999), or changes in the mineral phases
being chemically weathered under glacial conditions
(von Blanckenburg and Négler, 2001). The latter hy-
pothesis of incongruent weathering related to glacial
comminution (grain-size reduction), suggests that gla-
ciation enhances the breakdown of physically resistant
minerals like zircon and provides fresh mineral surfaces
for chemical weathering. These may enhance the re-
lease of unradiogenic Hf and radiogenic Pb (Piotrowski
et al., 2000; van de Flierdt et al., 2002), but Nd isotopes
should be less affected. Alternatively, the build-up of
ice sheets may have altered the provenance of material
in the Labrador Sea via changes in the mode of trans-
port (i.e., from riverine to ice-rafted) (Winter et al.,
1997) or the direction of ice-sheet movement and drain-
age (Bischof and Darby, 1997). It has also been argued
that the middle Pleistocene transition in climate cyclic-
ity stemmed from the grounding of ice-sheets onto the
hard crystalline basement of the N. American shield
(Clark and Pollard, 1998), resulting in an increased
thickness of the ice-sheets and a reduction in their
areal extent (Clark et al., 1999). Supporting data for
this hypothesis have been found in a change in the
mineral assemblages of glacial tills (Roy et al., 2004),
and shifts in radiogenic isotope composition being
released into seawater (Reynolds et al., 2004; Roy et
al., 2004).

Whilst the oceanic isotope distribution of Nd-iso-
topes has been measured (e.g., Piepgras and Wasser-
burg, 1980), there is no data for the distribution of Pb
and Hf isotopes in seawater apart from Fe-Mn crust
records (von Blanckenburg et al., 1996; Albarede et
al., 1998). Hence, we will focus here on Nd isotopes
and estimate the continental Nd-isotope composition
that is released into seawater in order to then model
the subsequent mixing of the isotope composition
between water masses with distinct isotope composi-
tion. This is particularly useful in the North Atlantic
where there are two sites of deep-water formation that
have very different Nd-isotope compositions (Fig. 1).
Norwegian Sea Deep Water (NSDW) has a modern
eng of around —10 (Lacan and Jeandel, 2004b).
NSDW reaches the North Atlantic as part of Demark
Strait Overflow Water (DSOW) and Iceland—Scotland
Overflow Water (ISOW), which have higher éeng
values of —8.4 and —8.2, respectively (Lacan and
Jeandel, 2004a,b). Labrador Sea Water (LSW) has
an &ng of about —18 (Stordal and Wasserburg,
1986; Piepgras and Wasserburg, 1987). Indeed ero-
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Fig. 1. The location of ODP Hole 647A in the Labrador Sea, and a Geological map of the continental areas surrounding the North Atlantic. Main
geological units of different source terrains ages are shown, with darker grays for older terrains (see key). Map is based on Gwiazda et al. (1996).
Point P marks the location of Station 11 from Piepgras and Wasserburg (1987) that has a surface water ey value of —17.9. Also shown are major
surface water currents (NAC is the North Atlantic Current, EGC and WGC are the East and West Greenland Currents, and LC is the Labrador

Current).

sional inputs into the Labrador Sea are the only clear
source providing Nd with &eng values below —11 to
North Atlantic seawater.

2. Methodology

The details of Ar-Ar age determinations are given
in Reynolds et al. (2004) and are summarised here in
Table 1. The provenance of amphibole grains can be
separated into the different source terranes around the
Labrador Sea (Fig. 1), based simply on their Ar—Ar
ages (based on work by Gwiazda et al., 1996; Hem-
ming et al., 1998, 2002). The results of 255 Ar—Ar
amphibole-grain ages, with individual errors of <30
Myr. or <2%, from 9 samples, shown in Fig. 2,
illustrate that between 2.4 Ma and the present day,
Labrador Sea detritus has been predominantly supplied
from the Churchill province, and that over this time
the fraction of grains from this source terrane has
increased. Prior to 1.8 Ma, there was a significant

component originating from the Nain and Grenville
Provinces, south of the Labrador Sea. This change
may be attributed to the build-up of large Northern
Hemisphere ice sheets between 2.5 and 1.8 Ma. The
relative amounts of amphiboles have been used to
determine the relative contribution to erosion from
each source terrain around the Labrador Sea. As
only amphiboles from the >63 mm fraction have
been used, there is a potential bias towards more
localized sources as larger grains may be lost during
transport. However, as the Ar—Ar results show, most
of the grains do come from the Churchill Province,
and are thus not locally sourced. It would thus appear
that the overall distribution is not biased strongly by
localized inputs, although a more localized bias in the
older samples, with a larger fraction of Nain and
Archean grain Ar—Ar ages, cannot be ruled out. The
estimate of source terrains may also have been biased
by a change in the amount of amphiboles available in
the source regions, with more amphiboles being bro-
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Table 1

The number of amphibole-grain analysed from ODP Hole 647A for 9 samples spanning the last 2.4 Ma, and separated into their different Ar-Ar
ages: young terrains <0.6 Ga, 0.8 to 1.2 Ga from the Grenville Province, 1.2 to 1.6 Ga from the Nain Province, 1.6 to 2.1 Ga from the Churchill
Province, >2.5 Ga from the Archean terrains of the Superior Province and 2.1 to 2.5 Ga that are taken to represent partially reset Archean grains

from the Superior Province

Terrain: Young  Grenville Nain Churchill ~ Superior(?)  Superior Total Estimated eng input

Terrain Ar-Ar Age (Ga): 0.0-0.6 0.8-1.2 1.2-1.6  1.6-2.1 2.1-2.5 >2.5

Nd-isotope composition (eng): +6 -20 —24 —28 -30 -30 Adjusted with lower
value for Nain

Depositional Age (Ma) n n n n n n eng (0)  ena (0)

0.03 - 1 2 29 2 3 37 —28 -29

0.24 - — - 17 0 4 21 —28 —28

0.65 - - 1 19 5 12 37 -29 -29

0.83 - - - 29 3 8 40 -29 -29

1.27 - - 1 16 4 11 32 -29 -29

1.54 - - 1 21 6 7 35 -29 -29

1.68 - - - 7 2 3 12 -29 -29

1.98 - 1 2 8 1 2 14 -27 -30

2.37 1 2 4 11 1 8 27 —26 -29

Estimated ¢ng(0) input is calculated using the relative fraction of grains from each terrain and the Nd isotope composition indicated, see text for

details.

ken down during enhanced chemical weathering.
However, as we use the relative contribution of dif-
ferent terrains, a regional change in the degree of
chemical weathering affecting all Provinces will not
affect our estimation of relative contributions.

Using an average Nd-isotope composition of each
source terrain it is possible to estimate the Nd-isotope
composition that was being weathered into the Labra-
dor Sea for each time slice, see Table 1. The Ar—Ar ages
cannot be used directly to estimate the Nd-isotope
composition as amphiboles can be reset during meta-
morphism to a greater degree than the bulk Nd-isotope
composition. In particular, during metamorphism in the
Nain and Churchill Provinces, heating of the rocks
above the Ar closure temperature of 400-500 °C reset
Ar—Ar ages, whilst the Nd-isotope systematics of the
bulk rocks were not strongly affected.

Estimation of the average Nd-isotope composition
for large Provinces is problematic due to the large
isotope variations measured, and limited data cover-
age. In order to avoid a biased average, as literature
data are often from exotic terrains within these pro-
vinces, we have used the measured isotope composi-
tion of glacimarine and other sediments that are
currently eroding around the Labrador Sea to estimate
the bulk enq values for each Province (Farmer et al.,
2003): +6 for young terrains like Iceland, —20 for
the Grenville Province, —28 for the Churchill Prov-
ince, —30 for the Superior Province. The &yg value
for the Grenville Province is not unambiguous, and
the value we have taken is an average value mea-
sured for the Makkovikia terrane within the Grenville

Province close to the Labrador Sea (Schirer, 1991;
Dickin, 2000), and a composition between the &ng
values measured from sediment from the Cartwright
saddle (—22) and the Gulf of St. Lawrence (—13)
north and south of the Grenville Province, respective-
ly (Farmer et al., 2003). For the Nain Province,
which has young plutonic rocks and old Archean
gneisses, with a range of &g values from —46 to
+10, we have used an average eng value from Royse
et al. (1999) of —24. Within the Nain Province the
very low eng values of Archean Tonalites, with eng
values from —46 to —31 (Collerson et al., 1989), are
offset by Proterozoic granitoid gneiss and by amphi-
bole rich mafic granulites. Although these values
taken may not yet be fully representative, it will be
shown that the model results of the Nd mass balance
are relatively robust against variations in these input
parameters.

The estimated Nd-isotope composition eroded into
the Labrador Sea provides a tracer of continental
weathering that is subsequently mixed and diluted
by intra-oceanic basin mixing. The degree to which
this assumed Nd-isotope composition is mixed in the
Labrador Sea and then into North Atlantic Deep Water
can thus be used to assess the relative contributions
from other sources and the degree of mixing of water
masses. We have performed a simple mass-balance for
each time slice to estimate the relative proportion of
Nd that is eroded from the North American Shield
compared to other sources, primarily eroding in and
around the Norwegian Seas. The mass-balance is
based on a simple box-model shown graphically in
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Fig. 2. The relative contribution of different source terrains, based on the amphibole-grain Ar—Ar ages for 9 samples from ODP Hole 647A spanning
the last 2.4 Ma. Each of the nine samples is shown in a different grey-scale, with the stratigraphic age of the core shown below, and is split into three
parts; (A) grain less than 1.6 Ga, (B) grains between 1.6 and 2.1 Ga, and (C) grains older than 2.1 Ga. Source terranes are defined as follows using
the Ar—Ar ages: Paleozoic terrains (P) <0.6 Ga; Grenville Province (G) from 0.8 to 1.2 Ga; Nain Province (N) from 1.2 to 1.6 Ga; Churchill
Province from 1.6 to 2.1 Ga; Superior Province with reset Archean grains 2.1 to 2.5 Ga and Archean grains >2.5 Ga.

Fig. 3. This box-model has several key assumptions
that must be considered in turn:

(1) The weathered Nd-isotope composition of the
source terrains does not vary over the timescale
of NHG. A change in weathering environment
brought about by the onset of NHG, from a
chemically weathered soil covered regolith to a
glacially eroded crystalline frozen basement,
could have had a considerable influence on the

Inputs carried via advection

Weathering I_LSW NADW

Inputs |

Fig. 3. Graphical representation of the box model, used for the Nd-
isotope mass-balance.

concentration of the erosive Nd flux and poten-
tially its isotopic composition, as is argued for
changes in Pb and Hf isotopes (von Blanckenburg
and Nagler, 2001; van de Flierdt et al., 2002). The
Nd-isotopic composition released to solution
depends on what minerals are breaking down in
the soil environment, reflecting the instability of
apatite and monazite (the major host phases for
Nd) during weathering. Hence, under some cir-
cumstances the isotopic composition of dissolved
Nd can be significantly different from that of its
source rock (e.g., Andersson et al., 2001). To
what extent the Nd-isotope composition can
have varied due to weathering is unknown, but
on a global scale there is little fractionation of
Sm/Nd or &ng between dissolved and particulate
phases in rivers, and the Nd model ages for
riverine suspended loads and source rocks are
approximately equal (Goldstein and Jacobsen,
1987, 1988), and so variations due to incongruent
weathering may be limited to a few &nq units. It
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will be shown that variations of this scale do not
strongly affect the results. Furthermore, the fora-
minifera data themselves show Sm/Nd ratios
close to continental values (Vance and Burton,
1999), and little variation over the past 2.5 Myr.
There is a subtle shift in Sm/Nd that mirrors the
change observed in &ng, but this is not large
enough to generate significant &ng variation
through incongruent weathering. Rather Sm/Nd
variations reflect different sourced terrains char-
acterized by small differences in Sm/Nd (perhaps
reflecting a change in the balance of felsic vs.
mafic lithologies) and large differences in eng
values (reflecting their age). A change in the
weathering environment must also be viewed in
terms of relative changes between source terrains
as we have not directly estimated the Nd compo-
sition from the detrital hornblende age spectra,
but instead use the age spectra to define the
relative contribution of different terrains.

(2) The measured Nd-isotope compositions of the

planktonic foraminifera reflect a well-mixed sig-
nal of erosional and advected waters. Site 647
studied here is located in the south-eastern Labra-
dor Sea, see Fig. 1, where the eyq value of present-
day surface waters are — 17.9 (station 11; Piepgras
and Wasserburg, 1987) and the youngest eng
value record from foraminifera is—18.2 (Vance
and Burton, 1999), strongly reflecting the influ-
ence of Labrador Sea surface-waters.

(3) Nd is a conservative tracer in seawater. Since the

residence time of Nd in the ocean is much longer
than the residence time of any water mass in the
North Atlantic (von Blanckenburg and O’Nions,
1999; von Blanckenburg and Négler, 2001;
Tachikawa et al., 2003), all Nd-isotope composi-
tions are fully transferred during water mass mix-
ing (Lacan and Jeandel, 2004a,b,c).

(4) Deep-water in the North Atlantic is the ONLY

significant flow of water out of the North Atlantic
Subpolar Gyre, hence all the Nd released into the
Labrador Sea ultimately mixes into North Atlan-
tic Deep-Water. Labrador Sea Water (LSW)
spreads out into the Irminger Sea, Iceland basin
and Rockall trough (Sy et al., 1997), where the
shallower levels likely form a recirculating loop
within the Irminger basin and Labrador Sea and
the deeper parts of the LSW are entrained into the
deep-water boundary current, and ultimately
NADW (McCartney, 1992; Dickson and Brown,
1994). Thus, the surface waters of the Labrador
Sea do directly contribute to LSW and ultimately

NADW, even if the deepwater that is actually
formed is part of the subpolar gyre (Pickart et
al., 2003; Lacan and Jeandel, 2004c). We use the
acronyms of Labrador Sea Water (LSW) and
North Atlantic Deep Water (NADW) as descrip-
tions following von Blanckenburg and O’Nions
(1999), which may approximate the modern
oceanographic water masses. The model aims to
describe variations at a longer time-scale than
glacial-interglacial variations, and hence a fuller
description of modern water masses and N. At-
lantic circulation would be inappropriate.

3. Nd mass-balance
3.1. The Labrador Sea

For the Labrador Sea, the Nd-isotope composition is
a mixture of continental inputs and advected inputs
from Nd dissolved in the surface waters entering the
Labrador Sea. The estimated Nd-isotope composition
of continental input to the Labrador Sea, shown in Fig.
4a and c), shows an apparent shift at ~1.8 Ma. Since 1.8
Ma, by contrast the Nd-isotope composition of weath-
ered input into the Labrador Sea appears to have been
more or less constant, and thus reflects a constant
provenance of weathered material into the Labrador
Sea. We use the foraminifera &ng records of surface
water from Vance and Burton (1999), shown in Fig. 4b
(and c), to reflect the mixed inputs from both weather-
ing and advection. How the &ngq values of surface
waters advected into the Labrador Sea themselves
have changed over the last 3 Myrs is not known, but
we can estimate its probable value given modern con-
straints and reasonably infer that it would have been
broadly similar in the past. The East Greenland current
that flows into the Labrador Sea has a modern &yq value
of — 11 North of the Denmark Strait (Lacan and Jean-
del, 2004a) and an &ng value of — 14 within the Sub-
polar Gyre (Lacan and Jeandel, 2004a). However, the
lower &ng value found south of the Demark Strait
reflects a component of Nd from the Labrador Sea
that has already been circulated within the Subpolar
Gyre. We estimate a minimum &ygq value of — 11 for the
non-Labrador Sea derived component, and a maximum
eng value of —8, which reflects the high eng values
measured for Overflow Waters around Iceland, men-
tioned above (Lacan and Jeandel, 2004a,b). This Nd-
isotope composition is also supported by the measured
eng value of about —10 for clays carried in the DSOW
and deposited off southern Greenland in the last 6 kyrs
(Fagel et al., 2004). Assuming constant mixing in the
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Fig. 4. (A) Estimated Nd-isotope composition of weathered inputs
into the Labrador Sea based on the relative proportion of grains from
each source terrane and an average isotope composition for these
terranes. The model used the following &ng values: Young ter-
ranes=+6, Grenville=—20, Nain=—24, Churchill=—28. Archean
sources=—30 (See Farmer et al., 2003 and references therein), and
in gray with Nain=—40. (B) Nd-isotope composition of Labrador Sea
Water (LSW) recorded by planktonic foraminifera, after Vance and
Burton, 1999. (C) Nd-isotope composition used in isotopic mass-
balance calculations; weathered input as shown in (A), advected
inputs of eéng=—10.8 (in black) and exg=—28.4 (in grey), and LSW
as shown in (B) in points inferred to match sampling of amphibole
grains. (D) Estimated Nd contribution to LSW from the weathered
input, with the remaining contribution coming from dissolved Nd
advected into the Labrador Sea, with an initial composition of
eng=— 10.8 (in black) and eng=—8.4 (in grey).

Labrador Sea, the box-model can constrain the relative
contribution of Nd in the Labrador Sea surface waters
over the last 2.4 Myr. As shown in Fig. 4d, this weath-
ered contribution increased from 9 to 46% between 2.4
and 1.5 Ma. Using a higher ¢yq value of —8.4 (as

observed for DSOW) for the advected input does not
change the overall pattern, it simply increases the esti-
mated continental contribution by 8-13%, as shown in
grey in Fig. 4d. The change in relative contribution is
obviously independent of the change in the Nd-isotope
composition being eroded, and must be related to a
general increase in the amount of material being eroded
from the Canadian Shield during NHG and/or a de-
crease in the amount of Nd advected into the Labrador
Sea.

An increase in the rate of deep-water production
would strengthen the relative contribution of advected
seawater entering the Labrador Sea, acting in the same
way as a decrease in the amount of material being
eroded, as seen between 1.0 and 0.3 Ma. The initiation
of the Labrador Current at ~1.8 Ma (Mudie et al., 1990)
might be expected to have supplied younger detrital
material from East Greenland and a larger amount of
Nd advected into the Labrador Sea. However, we ob-
serve the opposite, namely a decrease in the relative
influences of advected Nd around this time.

The mass-balance shown in Fig. 4d is surprisingly
robust to variations in the input parameters. In order for
the weathered input of Nd to remain high at 2.4 Ma,
using a high advected eng value of —9, the Nd-isotope
composition of the weathered inputs (at 35%) would
have to be higher than — 18, about 8 ¢nq values higher
than our estimated input, and higher than the Nd-iso-
tope composition of any of the surrounding terrains.
Given our present understanding such a scenario would
seem unlikely and hence there must have been either an
increase in the erosion flux, or else a decrease in
advection. This effectively rules out the possibility
that the changes observed could be solely derived
from incongruent weathering of Nd, as such weathering
changes would not produce Nd-isotope variations of
this magnitude. If the average ¢ng value from the Nain
Province is estimated to be much lower, say about — 40,
assuming the erosion of only Archean gneisses (Farmer
et al., 2003), then there is no change in the Nd-isotope
composition of eroded material into the Labrador Sea
over the last 2.4 Myr, as shown in grey in Fig. 4a.
However, this does not significantly alter the mass-
balance, even for the 2.4 Ma time-slice. At this time
most of the Nd in the Labrador Sea is carried in by
advection and the weathered flux is small.

From mass-balance considerations, the modern ero-
sional input of Nd to the Labrador Sea is of the same
order of magnitude as the contribution from waters
entering the Labrador Sea. The West Greenland Current
transports about 3 Sv of water from the Nordic seas
(Cuny et al., 2002). Thus the advected flux is about 3
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Sv (10° m*s™ ") of water, containing about 2.4 ppt Nd,
which equates to a Nd flux of ~2x 10® g/yr. This
estimated Nd flux is about half the estimated flux
from volcanic arc terrains around the Pacific, and
about 4% of the estimated global flux using a similar
box-model approach in the North Pacific for the same
time period (van de Flierdt et al., 2004). However, the
total global riverine flux of Nd has been estimated to
be as low as only 5 x 10® g/yr (Goldstein and Jacob-
sen, 1987), based on the dissolved riverine flux of the
world’s major rivers. This riverine based estimate has
created a ‘Nd paradox’ (Jeandel et al., 1995), where
global riverine and atmospheric fluxes of Nd are too
small for the short residence time of Nd in the oceans,
implying there must be an unrecognised source of Nd
to the oceans. In general, additional input can be
achieved in two ways: supply of dissolved Nd to the
oceans through smaller rivers and streams, or addi-
tional sources within the oceans such as particle/sea-
water exchange. Recent work suggest that the latter
effect may represent a significant contribution of Nd
to the global budget (Lacan and Jeandel, 2001; Tachi-
kawa et al., 2003), but the eroded Nd flux estimated
here also implies a very significant input of Nd to the
oceans from glaciated terrains around the Labrador
Sea, either in the dissolved phase or released from
ice-rafted particulates. This input is not considered in
the global riverine fluxes due to the lack of any major
river system in the area. It is not unlikely that the
nature of smaller river systems and glacial discharges,
without estuaries, allow for more efficient transport of
the dissolved Nd into seawater. These two ways of
increasing global fluxes may operate together in areas
with high erosion rates that provide relatively fresh
material to the ocean margins, where significant chem-
ical weathering of marine sediments may occur via
resuspension and dissolution.

3.2. North Atlantic deep water

The published records of the Nd-isotope composi-
tion of the NADW and LSW can be used to further
trace the relative input of continental Nd around the
Labrador Sea. Nordic waters entering the Atlantic as
DSOW and ISOW entrain North Atlantic water and mix
with LSW to form NADW in the modern ocean. It is
unclear how this pattern has changed over the last 3
Myr, particularly during glacial conditions when deep-
waters were formed further south. However, on a longer
timescale, and during interglacials, this pattern of inputs
of Nd from the Nordic Seas and ultimate outflow of Nd
from the North Atlantic within a deep-water current

may not have significantly changed. The Nd-isotope
composition of NADW, as recorded by ferromanganese
crusts shown in Fig. 5b, is derived from the mixing of
LSW and DSOW and entrained Atlantic waters. The
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Nd-isotope composition of the non-LSW endmember,
including DSOW and entrained waters, is unknown, but
again, taking a range of eng values between —8 and
— 11 should encompass all possible variations in this
endmember. It seems unlikely that values would be
much higher than any of the waters seen around Iceland
today, or much lower given a permanent contribution to
weathering from Icelandic Basalts and entrainment of
waters from the Gulf Stream or North Atlantic Current
with modern &yg values above —11 (Piepgras and
Wasserburg, 1987), with even higher values in the
past as recorded by the ‘Blake’ ferromanganese crust
(Reynolds et al., 1999). The Nd-isotope mass-balance
for NADW implies a dramatic decrease in the input of
LSW to NADW between 2.4 and 1.5 Ma, as shown in
Fig. 5d, contemporaneous with the decrease in advected
flux in the Labrador Sea shown in Fig. 4. Thus, a
decrease in the advected Nd component is accompanied
by a reduction in the LSW overturning rate, and may be
related to a change in the amount of freshwater deliv-
ered to the Labrador Sea. The oxygen isotope data from
planktonic foraminifera in the Labrador Sea do not
show a major change until ~1.5 Ma, when there is an
abrupt increase in the 6'®0 record (Aksu et al., 1989;
Vance and Burton, 1999).

The oceanographic water-mass estimates of the Lab-
rador Sea Water component of NADW vary from inputs
of 2 to 4 Sv out of a total deep-water export of ~14 Sv,
or 15 to 30% (see Dickson and Brown, 1994). The
modern Nd contribution we estimate (36%) is close to
the volumes estimated above, given that LSW has an
enhanced Nd concentration due to the additional weath-
ering inputs.

The Nd-isotope mass-balance calculations are sur-
prisingly robust to the choice of values taken for the eng
value of waters mixing with LSW to form NADW.
Only if the eng value of the non-LSW endmember is
below —11.5 could the overturning in LSW prior to 2
Ma not have been higher than modern day. There is no
obvious source to provide such an unradiogenic end-
member, that could alter the more radiogenic composi-
tion of the Gulf Stream, as recorded in Fe-Mn crust on
the Blake Plateau at 2.5 Ma (eng=—9.7, (Reynolds et
al.,, 1999), or the modern East Greenland Current
(eng=—10.8 (Lacan and Jeandel, 2004a,b). This does
not imply that there were no terrains eroding around the
North Atlantic that have a more unradiogenic Nd iso-
tope composition than — 11 &yq units, but that given the
strong effect of the Icelandic Tertiary volcanism region
on the modern composition of waters around Iceland
((Lacan and Jeandel, 2004a,b), it seems unlikely that
Norwegian or Appalachians sources of older crustal

material could provide the amount of dissolved Nd
required to balance the Nd-isotope composition in the
Labrador Sea. The only conceivable source would be
significant erosion of Archean material from Greenland
eastwards into the East Greenland current prior to the
build-up of the permanent ice-sheet now over Green-
land. Again, this would imply that the change in the
distribution of weathering and delivery of freshwater
has changed the rate of overturning and the observed
marine Nd-isotope composition.

As all the local inputs of Nd to LSW are effectively
carried into the North Atlantic (von Blanckenburg and
Nagler, 2001), and the total Nd contribution to NADW
from weathered material around the Labrador Sea bare-
ly doubled (Fig. 5d), the amount of erosion to the
Labrador Sea cannot have risen dramatically (much
more than two-fold). This argument would imply that
the change in Nd contribution shown in Fig. 4 is
principally governed by a decrease in advection, rather
than a simple increase in erosion around the Labrador
Sea alone. This reduction in advection and water over-
turn since the onset of NHG agrees with mass-balance
calculations for Nd isotopes between NADW and the
Southern Ocean (Frank et al., 2002).

4. Conclusions

Simple mass-balance calculations imply that
changes in the Nd-isotope composition of LSW and
NADW, between 2.5 and 1.5 Ma, reflect both an in-
crease in erosion and a decrease in the amount of
advection and deep-water formation in the Nordic
Seas and within the Labrador Sea itself. This conclu-
sion does not neglect the smaller affect of a change in
the source of material being eroded, principally a ces-
sation of the erosion of material younger than 1.6 Ga.
The reduction in deep-water formation occurred con-
temporaneously with a change in the nature of erosion
around the Laurentide ice sheet at 1.8 Ma (McIntyre et
al., 1999; Winter et al., 1997). The ice-sheet may have
modified the hydrological cycle and the location of
freshwater input around the North Atlantic. The long-
term pattern of erosion and deep-water formation
around the North Atlantic seems to have been a rela-
tively constant feature since 1.5 Ma, although the
effects of glacial-interglacial changes cannot be re-
solved in this study. Major changes in the Pb and Hf
isotope compositions in the northwest Atlantic occurred
since 1.5 Ma, significantly later than changes in the Nd
isotopes, and are more likely to have been caused by a
change in the nature of the weathering process and the
degree of physical and chemical weathering.
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