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Weathering versus circulation-controlled changes
in radiogenic isotope tracer composition of the Labrador
Sea and North Atlantic Deep Water
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Abstract. Geological reconstructions and general circulation models suggest that the onset of both Northern
Hemisphere glaciation, 2.7 Myr ago, and convection of Labrador Sea Water (LSW) were caused by the closure of
the Panama Gateway ~ 4.5 Myr ago. Time series data that have been obtained from studies of ferromanganese
crusts from the northwestern Atlantic suggest that radiogenic isotopes of intermediate ocean residence time (Pb and
Nd) can serve as suitable tracers to reconstruct these events. However, it has been unclear until now as to whether
the changes that have been observed in isotope composition at this time are the result of increased thermohaline
circulation or due to the effects of increased glacial weathering. In this paper we adopt a box model approach to
demonstrate that the shifts in radiogenic isotope compositions are unlikely to be due to changes in convection in
LSW but can be explained in terms of increases of erosion levels due to the glaciation of Greenland and Canada.
Furthermore, we provide experimental evidence for the incongruent release of a labile fraction of strongly
radiogenic Pb and nonradiogenic Nd from continental detritus eroding into the Labrador Sea. This can be attributed
to the glacial weathering of old continents and accounts for the paradox that one of the areas of the world most
deficient in radiogenic Pb should provide such a rich supply of radiogenic Pb to the oceans. An important general
conclusion is that the compositions of radiogenic isotopes in seawater are not always a reflection of their
continental sources. Perhaps more importantly, the transition from chemical weathering to mechanical erosion is

likely to result in significant variations in radiogenic tracers in seawater.

1. Introduction

Isotopic ocean tracers of intermediate residence time (Nd,
Pb, Hf and Be) have been the subject of considerable attention
in the past years in studies of long-term (Myr) [Burton et al.,
1997, Christensen et al., 1997; Abouchami et al., 1999; Frank
et al., 1999; Lee et al., 1999; von Blanckenburg and O'Nions,
1999; Piotrowski et al., 2000] and short-term (the past climate
cycles [e.g., Rutberg et al., 2000] changes in ocean circulation
and ocean chemistry. The reason for the interest in these trac-
ers lies in the fact that their isotope ratios !43Nd/144Nd,
208,207,206p},/204pp, 176Hf/177Hf, and 19Be/’Be are all distinct

within different water masses. This is because their short to -

intermediate residence time limits the scale of homogenization

and ensures a distinct signal from the sources of water masses. .

In particular, North Atlantic Deep Water (NADW) flowing
south and Antarctic Bottom Water flowing north in the Atlan-
tic Ocean are, in turn, labeled by distinctive Nd, Pb, Hf, and
Be isotope ratios [Piepgras and Wasserburg, 1987; Kusakabe
et al., 1990; von Blanckenburg et al., 1996; Albaréde et al.,
1998]. Furthermore, Nd isotopes allow for the detailed study
of the evolution of Labrador Sea Water (LSW) through time
as this water mass is characterized by a unique Nd isotope
composition due largely to water from Baffin Bay [Stordal
and Wasserburg, 1986], which is bordered by ancient conti-
nents (Figure 1).
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This observation and the hypothesis that the closure of the
Panama Gateway at 4.5 Ma might have been instrumental in
initiating the Pleistocene mode of thermohaline circulation by
increasing the amount of LSW flowing into NADW by con-
vection [Stanley, 1995; Mikolajewicz and Crowley, 1997,
Haug and Tiedemann, 1998] have led to extensive research
efforts on isotope records on the Ma time frame. Such records
of past isotope compositions in seawater can be reliably and
quite easily obtained from the analysis of hydrogenetic ferro-
manganese crusts. North Atlantic Fe-Mn crusts show a
marked decrease in eygq (Where engq is the 3Nd/144Nd ratio
normalized to a chondritic value) from -11 to -13, an increase
in 206pb/204pPh from 18.8 to 19.2, and a decrease in both
207pp/206ph and 208Pb/206Pb over the past 3 Myr [Burton et
al., 1997, 1999; Abouchami et al., 1999; Frank et al., 1999,
Reynolds et al., 1999] (see also Figure 2). These Nd and Pb
isotope changes would be compatible with a gradual strength-
ening of Labrador Sea Water convection. However, similar
isotope changes could be accounted for by increased erosion,
namely, an increase in the dominance of mechanical erosion
versus chemical weathering in Greenland and North America,
arising from the Northern Hemisphere glaciation and leading
to similar shifts [Burton et al., 1997, 1999; von Blanckenburg
and O'Nions, 1999]. One of the difficulties inherent in the use
of radiogenic tracers in paleoceanography is the fact that both
changes in ocean circulation and changes in weathering of the
tracer’s sources might lead to secular variations in the isotope
ratios. Thus it will often not be possible to single out the
driving forces that determine isotopic changes [von Blancken-
burg, 1999].
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Figure 1. Circulation of deep water in the North Atlantic (solid arrow) and surface circulation through Baffin Bay (dashed ar-
row). Numbers in ellipses give the amount of deep water formed at these sites in sverdrup (1 Sv=1x 10°m’ s™'). A total of 18 Sv
of North Atlantic Deep Water (NADW) are formed by convection in the Greenland-Iceland-| Norwegnan Seas (11 Sv) a.nd in the
Labrador Sea (7 Sv [Schmitz and McCartney, 1993; Dickson and Brown, 1994]. Boxed numbers in italic type are 2°°Pb/%*Pb ra-
tios; other numbers are £ng of both source rocks [Moorbath et al., 1997; Winter et al., 1997] and Pb and Nd dissolved in seawater
[Stordal and Wasserburg, 1986; Piepgras and Wasserburg, 1987; von Blanckenburg et al., 1996]. Note that Baffin Bay is sur-
rounded by ancient continents where €ng is as low as -60 [Moorbath et al., 1997]. In areas surrounding the Greenland-Iceland-
Norwegian Seas, €ng is -20 to -8 (compilation by Winter et al. [1997]. Also shown are the sampling sites of ODP Hole 645 (Baf-
fin Bay) and NW Atlantic Fe-Mn crusts ALV 539, BM 1965.05 [Burton et al., 1997; O'Nions et al., 1998; von Blanckenburg

and O'Nions, 1999], Blake, and Antilles [Reynolds et al., 1999].

The aim of this paper is to shed light on the relative im-
portance of weathering effects versus changes in thermohaline
circulation for variations in the isotope composition of
NADW in the Pleistocene. As a first step we tested the sensi-
tivity with which the isotope composition responds to con-
vection of LSW by utilizing box models of tracer exchange
between Baffin Bay and NADW. We will demonstrate that the
composition of radiogenic tracers in the North Atlantic re-
sponds sensitively to changes in the style of weathering and is
insensitive to changes in the strength of thermohaline circula-
tion. To further test the possibility that the causes are changes
in the style and degree of weathering, we have performed
leaching experiments on the materials that constitute the
soutces of tracers that erode into the Labrador Sea. These ex-

periments simulate the chemical release of tracers due to me-
chanical erosion of materials, such as those that prevail in
strongly glaciated areas.

2. Experimental Approaches and Results

2.1 Tracer Exchange by Changes in the Thermohaline
Circulation

The gradual increase of 206Pb/204Pb from 18.9 to 19.2 and
the concomitant decrease of gng in the NW Atlantic from -11
to -13 in the past 3 Myr (Figure 2) might be generated by
strengthening of LSW convection. This is a possibility dis-
cussed frequently in the literature [Burton et al., 1997; Heinze
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Figure 2. (a) The 206p204py isotope ratio variations and (b) eng varia-
tions 1n northwest Atlantic Deep Water as recorded by hydrogenetic Fe-
Mn crusts {Burton et al., 1999, O'Nions et al., 1998; Reynolds et al.,
1999]. These crusts have been dated using the radioactive decay of cos-
mogenic '®Be, which reduces their '"Be/’Be ratio with time. Note that the
major increase in Pb/”®Pb and decrease 1n &g are after 3 Myr, the on-
set of Northern Hemisphere glaciation, whereas the major hydrographic
changes attributed to the closure of the Panama Gateway have taken place
at 4.5 Ma [Haug and Tiedemann, 1998).

and Crowley, 1997; Abouchami et al., 1999; Burton et al.,
1999; Vance and Burton, 1999]. In order to test this hypothe-
sis the exchange of tracers between Baffin Bay and the entire
North Atlantic due to advection was simulated in a simple
two-box model (Figure 3). First, an increase of LSW convec-
tion was simulated by varying the exchange between Baffin
Bay and the North Atlantic between 0 and 10 Sverdrup (1 Sv
= 1x 106 m3 s!). Resulting eng in the North Atlantic are
shown in Figure 3a. It is noteworthy that resulting ratios are
constant at -10.5 for equal Nd fluxes per unit area into both
basins and at -13 for a tenfold increase in Nd flux into Baffin
Bay. With the exception of very low exchange rates and a very
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high Nd flux into Baffin Bay, isotope ratios are virtually inde-
pendent of the variations in water exchange. This result be-
comes more obvious when considering the fact that at a pres-
ent-day exchange rate of 2 Sv and with the volume given in
Figure 3, the contents of Baffin Bay are replenished every 15
years. The Labrador Sea, with a much larger volume, is also
replenished over similar timescales because the deep water
formation rate is also higher at 7 Sv. In this case the water re-
plenishment rate is much shorter than the tracers residence
time 7, and this tracer’s budget in the Atlantic turns out to be
insensitive to the rate of water exchange with LSW. Therefore
intermediate-t tracer advection from one box to the other is
essentially limited by the rate at which tracers enter the basin
through erosion, regardless of the actual water exchange rate.
The only exception to this prediction is if exchange rates are
only slightly higher than a total shutoff of LSW convection. In
this case the water replenishment time approaches the tracer’s
residence time, and the North Atlantic’s Nd composition be-
comes sensitive to the water exchange rate with LSW (Figure
3a). The Nd isotope composition of Baffin Bay water result-
ing from the same experiment (not shown) reacts sensitively
to any change in water exchange flux, and the sense of the
change is opposite to that in the North Atlantic. Baffin Bay is
where changes in deep water generation would show up in the
Nd isotope record, whereas in the North Atlantic they would
not. However, suitable Fe-Mn crusts have not been recovered
from Baffin Bay.

The same simulation has been performed for Pb. Since Pb
has a North Atlantic Deep Water residence time 1 of 40 years
[Cochran et al., 1990], which is much closer to the water re-
plenishment time of Baffin Bay or Labrador Sea, Pb isotope
variations would be detectable both in the North Atlantic and
in Baffin Bay, in particular if the flux of Pb per unit area into
Baffin Bay is much higher than that into the Atlantic (Figure
3b). However, the sense of a shift resulting from strengthen-
ing of LSW convection, which is governed by the low Pb
isotope composition of the areas surrounding the Labrador
Sea (Figurel), is opposite to that observed in the NW Atlantic
Fe-Mn crust records (Figure 2a). Therefore, at first sight, the
observed Pb isotope compositions are also incompatible with
a gradual strengthening of LSW convection. The only scenario
that is compatible with the observed Pb isotope trends would
be a combination of the strenghtening LSW convection, a
high tetrigenous Pb flux into Baffin Bay, and an incongruent
release of radiogenic Pb, as explored in section 2.2.

Baffin Bay Water has a distinctly low Nd isotope composi-
tion (Figure 1). Baffin Bay is also the basin with the highest
dissolved Nd concentrations of any basins worldwide [Stordal
and Wasserburg, 1986]. These observations make a high ter-
rigenous flux of Nd into the basin likely. In Figure 3c the flux
of Nd into Baffin Bay was increased up to tenfold relative to
that of the North Atlantic per unit area while leaving the water
exchange rate constant. A strong decrease in North Atlantic
€Ng results. An approximately fivefold increase in erosional
input would be sufficient to explain the Pleistocene shift in
isotope ratios measured in NW Atlantic Fe-Mn crusts. It must
be noted, however, that such an increase must be particularly
strong in the Labrador Sea area, as a simultaneous increase of
Nd released into the other sources of NADW would result in
constant isotope compositions. This is not entirely unlikely,
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Figure 3. Isotopic ratios calculated from two-box models of tracer exchange between Baffin Bay and the North Atlantic. Results
shown are those for the North Atlantic box. The shaded areas are the compositions of NW Adantic Fe-Mn crusts at different
times before and after closure of the Panama Gateway. The Atlantic box has a volume of 1.69 x 107 m®; Baffin Bay has a vol-
ume of 9.6 x 10" m’>. Tracer transport is by advective exchang: between Baffin Bay and the North Atlantic. Today this is ~2 Sv
[Schmitz and McCartney, 1993; Dickson and Brown, 1994]. This rate is used for the standard model unless indicated otherwise.
Tracers are present for which the removal by scavenging is governed by their residence time, which is 40 years for Pb, 250 years
for Be, and 1000 years for Nd. Erosional tracer flux (total Pb, Nd and “Be) is proportional to the area of the boxes and is 1 mass
unit cm? yr'! in the standard model and 10 mass units em? yr! into Baffin Bay for the models of Figures 3a and 3b, shown by
squares. Atmospheric "*Be deposition is also uniform over the area and has been held constant at 0.4 mass units em? yrl, such
that an “Atlantic-type” '°Be/’Be ratio of 0.4 x 107 results. The input of Nd into the North Atlantic box is characterized by an exng
of -10, and that into Baffin Bay is characterized by -40. In Figure 3¢ a model is added where the eng of the input to Baffin Bay is
-30 [Moorbath et al., 1997; Piepgras and Wasserburg, 1987; Stordal and Wasserburg, 1986]. Input 2°°Pb”2™Pb is 19 in the
North Atlantic and 16 in Baffin Bay. It must be noted that the conclusions are not affected by the choices made for the input iso-
tope ratios; it is the relative changes in ratios that matter. (a and b) The effect of strengthening of LSW, which was simulated by
varying the water exchange rate between Baffin Bay and the North Atlantic between 0 and 10 Sv for two different Nd and Pb
fluxes into Baffin Bay. (c) The effect of an increased glacial erosional input into Baffin Bay on North Atlantic Nd chemistry,
which was simulated by increasing the flux of Nd up to tenfold for two different €nq of the input into Baffin Bay. (d) The effect of
an increased glacial erosional input into Baffin Bay for the North Atlantic '°Be/’Be ratio, which was simulated by increasing the
flux of *Be into Baffin Bay up to tenfold while leaving the '"Be flux constant. Runs were also conducted for an exchange between
the entire Labrador Sea and the North Atlantic. Because the higher volume of the Labrador Sea is matched by higher water ex-
change rates, results are very similar to those of the Baffin Bay model.
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given the low ratio of the Laboratory Sea’s area to the length
of its margins, when compared with the other North Atlantic
basins.

It has been argued that an increase in erosional flux into the
Labrador Sea is an unlikely cause for radiogenic tracer varia-
tions, as it would be accompanied by ?Be, which would lower

the !9Be/?Be ratio in the same period [Burton et al., 1999].
This is apparently in contradiction to the observation that ini-
tial 19Be/'Be ratios in the NW Atlantic have been constant
over the past 7 Myr [von Blanckenburg and O’Nions, 1999]. It
can be demonstrated with a fourth model, however, that rela-
tive to the entire North Atlantic, the overall increase in the
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Pb, ppm
80
0.4

0.00010
0.00030

207y 2%pp

1.01182
0.88786 +

0.00026
0.00113

208Pb/206Pb

2.39286 =+
223013

0.0056
0.0109

+*

206pp20py
16.4439 =

13.9307
Multiple Leach Test

207pp2¥py

Amitsoq and Isua Stream Sediments (continued)
0.0057
0.0101

14.0953 =
14.5998 =

0.014
0.030

208pp,204pp

33334
36.672 =

Sample

Table 1. (continued)
Leach 0.05 M HCl

110356 65°04,97N, 50°08,29W
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9Be flux associated with an increase in erosion around Baffin
Bay is so small that a virtually unresolvable shift in North At-

xeeeo lantic 19Be/?Be would result (Figure 3d). This is because even

a large increase in the flux of °Be into the Labrador Sea re-
. . . . 9 .

ca T o N sult§ in only a minute shift in the total “Be budget in the At-

oooas lantic.

SSE8E§E

2835383

eeeee 2.2. Tracer Release Experiments

H H H H H

N Qo —O As noted above, the observed increase in the North Atlan-

e 588 tic's radiogenic Pb over the last 3 Myr is incompatible with

2SESa either an increase in LSW convection or an overall increase in

erosion of the Labrador and Greenland areas. This is because
these areas have a Pb isotope composition opposite of what
would be required to drive this shift (Figure 1). Our explana-
tion for this paradox is that rocks undergoing physical erosion,
such as in glaciated areas, will incongruently release a radio-
genic fraction of Pb or St [Erel et al., 1994; Harlavan et al.,

0.00025
0.00037
0.00044
0.00067
0.00062

H o+ HOHH 1998]. In contrast, soils that have experienced prolonged
§ § .:,’r, 3 § weathering release tracers having the isotope composition of
g § S the bulk soil. Similar observations have been made for Nd:
PN Gt around 70% of the Nd is lost from the topsoil of weathered

tills, and the residual 143Nd/!44Nd in the soil was higher by up
to 4 €ng units than in the unweathered C horizon [Ohlander et
al., 2000]. In a boreal river, gyg was lower by almost 10 enqg

9). Isotope ratios in Table 1 are presented as measured, but quoted errors include

36.6944 + 440 ppm, 207Pb/204Pb = 15.4888 + 400 ppm, 206Pb/204Pb = 16.9334 + 420
d deviation of standards. Here mbsf is meters below seafloor.

, 1999]. Known amounts of Tl were also used to measure approximate Pb concentrations. Comparison with isotope dilution shows that this

a An amount of 0.5 g of the detrital fraction of Pleistocene ODP 645 sediments [Srivastava et al., 1989], crushed Archean rocks [Moorbath et al., 19971, and Greenland river sand was
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258§
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S8SaR 5T 25 units than in the unweathered bedrock in th And
S8538 S52 8 \ athere edrock in the area [Andersson
cococoo 88 »E I et al., 2001]. This indicates the release of a strongly
HOH HOHH gm'éz " nonradiogenic Nd fraction into solution from physically
25258 583 E, " g eroded materials.
383 LQ = & gg 23 To investigate the tracer release from the weathering of
NIRKS E:E 538 H rocks in the areas surrounding the Labrador Sea, Archean
[ %] . .
g% 3g3sg g rocks, river sediments from Archean Greenland, and the de-
G 2_. 8 E g5 trital fraction of Pleistocene Ocean Drilling Program sedi-
lé § g § % B gé Segs ments from Baffin Bay have been treated using mild acid
SS388& ’g 5ok e leaches which have been measured for their Pb and Nd iso-
HOH O H 2 g é g B > tope composition and compared to the original bulk material
25 Buxy = = 3 . . . .
Vo e e ER-g°x®ED (Tables 1 and 2). The analytical details are given in Table 1.
0 Moo N = g & e 5 . . g
RN £ E S ERg g Results (Figure 4) show that in all cases a labile pool of Pb
v -% v % p % " E  is available that is much more radiogenic than the bulk rock.
B3 T S:s%d g For example, a total sediment has a 206Pb/204Pb of 13, with a
3 g-_g S 225 5 leacheate 206Pb/20Pb of 19. Similar effects are also visible
ceang| 8EZEELETE  for 208pp/206pp and 207Pb/206Pb. Multiple leach tests further
2ss8283 B3B8 < ﬁg show that this radiogenic fraction is always released, regard-
HoHHHH s i §§ §§ 2 less of the reagent used (Table 1). These experiments obvi-
NeEEY %’Té.'s’, 2 §£ & ously do not precisely simulate nature in terms of timescale
xC*xT Y é s ;-8 2 ‘:§ 2 and solution chemistry. However, the simple fact that this la-
AFFIFF g § E2EE g bile radiogenic Pb is available for release in various aqueous
« . . . . .
& 2 MG 25 solutions makes it very likely that this fraction would be the
e w3 & 5 ag first to be released into seawater, too. The amount of radio-
g S . . . .
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Table 2. Nd Isotope Results of Leach Experiments®

147Sm/144Nd 143Nd/l44Nd

Sample Nd,ppm  Sm’, ppm na(0)
Baffin Bay ODP Leg 105 Core 645 Sedimenis
Core B Hole 1X, 2.4 mbsf 6.37 1.20 0.1135 0.511492 + 27° 224
Leach 0.05 M HCl 0.189 0.0362 0.1161 0.511227 + 18° -27.5
Core B Hole 5X, 35 mbsf 7.72 1.32 0.1033 0.511242 +20° -27.2
Leach 0.05 M HCI1 0.200 0.004 0.1247 0.511609 = 72° -20.1
Core B Hole 8X, 64 mbsf 67.28 12.30 0.1105 0.511141 +20° -29.2
Leach 0.05 M HCl 0.109 0.0190 0.1054 0.511208 = 19° -27.9
Core D Hole 14R, 400 mbsf 435 0.792 0.1101 0.511446 +27° -233
Leach 0 05 M HCI 0.545 0.110 0.1217 0.511745 £27° -17.4
Core E Hole 4R, 456 mbsf 727 1.32 0.1094 0.511452 + 28° -23.1
Leach 0.05 M HCI 1.30 0.273 0.1272 0.511961 +22° -13.2
Core D Hole 9R, 504 mbsf 7.60 1.39 0.1107 0.511476 + 96° -22.7
Leach 0.05 M HCI 1.18 0.247 0.1267 0.511607 + 25° -20.1
Amitsoq and Isua Stream Sediments
110528 65°06,76N, 49°56,37TW 54.26 1142 0.1272 0.510947 + 22° -33.0
Leach 0.05 M HCI 1.11 0.180 0.0984 0.510358 + 31° -44.5
110326 65°09,77N, 49°47,83W 457 11.3 0.1490 0.511397 £ 26° -24.2
Leach 0.05 M HC1 1.14 0215 0.1133 0.510541 = 20° -40.9
105862 65°09,84N, 50°07,01W 827 15.8 0.1151 0.5110881 + 22° -34.3
Leach 0.05 M HCI 3.36 0.534 0.0959 0.510401 = 32° -43.6
105894 65°08,04N, 49°52,79W 39.9 8.90 0.1347 0.511302 + 32° -26.1
Leach 0.05 M HCI 1.53 0.223 0.0884 0.510500 = 28° -41.7

2 Mass balance calculations show that leach residues (not measured) are all within 0.7 &gy units to those of the

corresponding totals.

b Sm concentrations were measured by isotope dilution on MC-ICP-MS,

¢ Analyses were measured by Thermal Ionization Mass Spectrometry (TIMS) as NdO+ on a modified AVCO
single collector instrument (143Nd/144Nd external reproducibility is 0.000034, 20 standard deviation, n = 5). The
TIMS results were adjusted by 1 gyq for instrument bias to adjust for a La Jolla value of 0.511860.

d Samples were measured on a Nu-Instruments multicollector ICP-MS (143Nd/144Nd external reproducibility is
0.000019, 20 standard deviation, n = 15). No corrections were required for the Nu ICP-MS data.

Fresh Greenland river sediments release a significantly
nonradiogenic fraction of Nd (Table 2 and Figure 6). This
fraction amounts to 2-3% of the bulk rock’s Nd and is be-
tween 10 and 15 £y, units less radiogenic than the bulk rock.
Leacheates of Baffin Bay ODP sediments show smaller dif-
ferences with respect to their bulk material than those of fresh
river sediments, and mostly, the reverse systematics in both
€ng and the Sm/Nd ratio are seen (Table 2 and Figure 6). We
consider the more radiogenic Nd fraction measured in the
leacheate of ODP sediments to be dominated to a large extent
by the fraction that has been adsorbed from seawater. Such Nd
would be present in relatively high concentrations in the Fe-
Mn oxyhydroxide surface coatings of the minerals [Vance and
Burton, 1999] and would reflect the isotope composition of
the overlying water column. In surface LSW 2.4 Myr ago eng

was -13, and decreased to -18 in LSW and to -22 in Baffin
Bay today [Stordal and Wasserburg, 1986; Vance and Burton,
1999). The increase in 147Sm/!“4Nd in the older leacheates is
also compatible with a shift from high Sm/Nd ratios in sea-
water 2.4 Myr ago to low ratios observed today [Vance and
Burton, 1999]. These shifts in LSW Nd isotope composition
and Sm/Nd ratio reflect the increased input of labile low &g
and low Sm/Nd after the onset of Northern Hemisphere glaci-
ation released from mechanically eroded glacial tills.

The question thus arises as to the availability of radiogenic
Pb in ODP sediments, while at the same time, nonradiogenic
Nd fraction in the same materials is absent. This contrasts
with the behavior of fresh river sediments, which show a
greatly incongruent release of both radiogenic Pb and
nonradiogenic Nd. Such differential behavior might be due to
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Figure 4. Pb isotope ratios of dissolved bulk samples (solid squares) and 0.05 M HCl leacheates (open squares). The latter repre-
sent the Pb available for release into seawater. Analytical details are given in Table 1. Analytical errors are smaller than symbol

sizes.

the fact that the labile nonradiogenic Nd is immediately lost
upon the immersion of the sediment in seawater, whereas a
large fraction of the radiogenic Pb is still available for release.
This suggestion is compatible with the large fraction of Nd
(70%) lost during weathering of glacial tills [Ohlander et al.,
2000].

The incongruent release of radiogenic Pb and of
nonradiogenic Nd is typical for a strong mechanical erosion
regime where an abundance of fresh mineral surfaces have
been opened for weathering. Evidence for weathering of me-

chanically eroded materials is provided in soils and clastic
sediment by the availability of a labile radiogenic pool of
208Pb and 206Pb, which is predominantly hosted by accessory
minerals (mainly monazite, allanite and xenotime) which
might have experienced radiation damage [Erel et al., 1994],
or by grain boundaries rich in the parent isotopes 233U and
232Th [Silver et al., 1984]. The low eyq and the low Sm/Nd
ratio point to accessory minerals enriched by light rare earth
element or grain boundaries as hosts for this labile Nd frac-
tion, too. Upon prolonged chemical weathering this pool is
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Figure 5. Pb isotope ratio shifts of NADW as recorded in northwest Atlantic Fe-Mn crusts [O Nions et al., 1998; Burton et al.,
1999; Reynolds et al., 1999]. Note that these shifts have the sanie sense as those between bulk rock and leacheates of the experi-

ments shown in Figure 2.

lost into solution [Erel et al., 1994; Harlavan et al., 1998;
Ohlander et al., 2000; Andersson et al., 2001]. This mecha-
nism resolves the contradiction that the Labrador Sea provides
the most radiogenic seawater Pb from an area where source
rocks are among the least radiogenic in the world (Figure 1).
A strong mechanical erosion regime is in operation on the
North American and Greenland Shields, where glacial tills are
the predominant sources for marine detritus. In support of this
the differences in all Pb and Nd isotope ratios between the la-
bile fraction and the bulk stream sediment follow the same
trend as the early Pleistocene to recent shifts seen in the
northwest Atlantic Fe-Mn crusts (Figures 2 and 4). These
shifts can thus be attributed to a gradual shift from prolonged
chemical weathering to mainly physical erosion during the
buildup of the Northern Hemisphere ice sheets. Such incon-
gruent release of isotope tracers would reduce the flux of bulk
terrigenous material that otherwise would be required to sat-
isfy the Labrador Sea Water’s extreme isotope compositions
(section 2.1).

3. Discussion and Conclusions

The obvious conclusion is that NADW Nd isotope compo-
sitions are insensitive to changes in the LSW contribution.
This is in accordance with the suggestion that Nd in LSW it-
self underwent a major change toward less radiogenic compo-
sitions after 2.5 Ma [Vance and Burton, 1999]. Therefore the
changes reported in NW Atlantic seawater isotope composi-
tion after the onset of Northem Hemisphere glaciation are best
interpreted as a consequence of shifts in the style of weather-
ing from chemical to more mechanical (glacial) erosion and
also as due to an overall increase in the amount of erosion.
Both are related to the formation of ice sheets in Greenland
and the Canadian Shield with an increasing supply of ice-
rafted debris [Larsen et al., 1994]. Incongruent weathering of
areas surrounding the other sources of NADW, such as the
Fennoscandian crust or eastern Greenland, would result in

isotope shifts of the same sense as those observed for the Lab-
rador Sea. It has been observed that glacial weathering in the
areas surrounding the Arctic seas results in the release of ra-
diogenic Pb, nonradiogenic Nd, and radiogenic Sr [Winter et
al., 1997].

Other radiogenic isotope seawater tracers might be subject
to the same mechanism: Hafnium isotopes from the same
northwest Atlantic Fe-Mn crusts as those presented in Figure
2 show a shift to less radiogenic values (g shifts from +3 to -
1 in the past 4 Myr) that virtually mirrors that of Nd in the
same crusts [Piotrowski et al., 2000]. This is compatible with
the exposure of freshly eroded zircon minerals by physical
erosion. These are rich in nonradiogenic Hf. Furthermore, the
gradual increase in global seawater '*’0s/**®0Os in the Quater-
nary was explained by progressive removal of a deeply
weathered pre-Quaternary regolith from the Precambrian
shields surrounding the Labrador Sea [Peucker-Ehrenbrink
and Blum, 1998].

It must be pointed out that some reorganization of
smallscale ocean circulation might be visible in the Fe-Mn
crust records. For example, the westward shift with time of a
local water mass rich in radiogenic Pb might be responsible
for the increase in radiogenic Pb of the Fe-Mn crust ALV 539
(Figures 1 and 2). This shift precedes that experienced by the
more westerly crusts by ~1 Ma. In a similar way, a time lag
between the decrease in eyy between crust Alv 539 and BM
1965.05 has been explained by vertical shifts of water masses
[Burton et al., 1999]. It must be noted, however, that the ap-
parent difference between the Nd and Pb isotope time series
from ALV 539 and other NW Atlantic crusts has been attrib-
uted to a possibly inconsistent chronology [Reynolds et al.,
1999]. The overall North Atlantic shifts in Pb, Nd, and Hf
isotope compositions in the past 3-4 Myr must, however, be
caused by changes in erosion rather than lateral reorganization
of local circulation: The shifts are visible over large areas,
from the east Atlantic [Abouchami et al., 1999] to the Car-
ribean [Reynolds et al., 1999]; they affect tracers of entirely
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