almost countable. Ordinary reactions under an
effectively low concentration condition are
known to produce polymer rings, such as syn-
theses of cyclic peptides on an oxime resin (24).
Also, dynamic light scattering yields a diffusion
constant of 4 X 1078 cm?/s for even very short
SWNTs. This value is 10? to 10® times slower
than typical organic molecules in solution. Thus,
bimolecular collision is highly suppressed,
whereas intramolecular reaction is not affected.
This implies that W does not shift to the right
during reaction under the present conditions.

Height examinations of the rings in the
AFM images show that some rings are thick-
er than a few nm, implying rings of bundles.
Either postaggregation of linear SWNTSs onto
a single-tube ring or ring closure of a single
bundle forms ring-shaped bundles during re-
action. It is difficult to verify from AFM
images, because the former case may take
place also during solvent evaporation. The
good fit over the left-hand shoulder of the
ring distribution by a single value of p sug-
gests the former case, whereas the fine fit
over the right-hand shoulder by the all-tubes
distribution of Fig. 3B favors the latter. Un-
less p depends significantly on a number of
individual SWNTs in a bundle, rings can
contain both types. For possible controls of
the average ring size, it is interesting to see if
p depends on the SWNT diameter.
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Atlantic Water Flow Pathways
Revealed by Lead
Contamination in Arctic Basin

Sediments

Charles Gobeil,'* Robie W. Macdonald,? John N. Smith,3
Luc Beaudin’

Contaminant lead in sediments underlying boundary currents in the Arctic
Ocean provides an image of current organization and stability during the past
50 years. The sediment distributions of lead, stable lead isotope ratios, and
lead-210 in the major Arctic Ocean basins reveal close coupling of the Eurasian
Basin with the North Atlantic during the 20th century. They indicate that the
Atlantic water boundary current in the Eurasian Basin has been a prominent
pathway, that contaminant lead from the Laptev Sea supplies surface water in
the transpolar drift, and that the Canadian and Eurasian basins have been

historically decoupled.

The close connection between the Arctic
Ocean and contaminants released to the south
is well documented (/). Although the atmo-
sphere can transport volatile and particulate
substances into the Arctic within days, over a
longer time period the oceans may become
the more important pathway (I, 2). Pb pro-
vides one of the clearest examples of human
activities that have overwhelmed natural cy-
cles, particularly in the North Atlantic (3-5).
Owing to its strong affinity for particles, Pb
has a short residence time in surface waters
(<5 years), and contamination there is mir-
rored in sediments of the underlying deep
basins (6, 7). Because the stable Pb isotope
composition varies with source, the isotopic
ratios can provide an incisive indicator of
pathways impacted by humans (§).

Here, we examine sediment cores col-
lected from the Arctic Ocean and Green-
land Sea basins for evidence of contami-
nant Pb. Using the contaminant Pb inven-
tory and its isotopic composition, we infer
the source of the Pb and its pathways re-
ferring to present schemes of ocean current
structure and ice drift (9, /0). In the abyssal
ocean, where sedimentation may be less
than 1 mm per thousand years and where
foragers often mix the top few cm of the
sediments, contaminant Pb inputs are ob-
served as increased Pb burden in a shallow
surface mixed layer (SML). With a half-life
of 22.3 years, excess 2!°Pb in the sedi-
ments, i.e., 2!°Pb deposited from the water
as opposed to that produced by 22°Ra decay
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within the sediments, is an ideal indicator
of the SML where the Pb deposited over the
past 100 years resides. Detection of con-
taminant Pb above a variable background
can be considerably reinforced with stable
Pb isotope compositions because contami-
nant Pb usually differs from natural Pb (8),
and the isotopic composition is little affect-
ed by kinetic processes occurring between

source and sink. To identify contaminant

Pb in Arctic basin sediments that accumu-
late slowly (/1), we use three rigorous
criteria: (i) There must be a SML enriched
in 219Pb. (ii) The concentration of Pb must
be higher in the SML than in the sediments
below. (iii) The stable Pb isotope compo-
sition must differ between the SML and the
deeper sediments.

Sediment box cores were collected in
1994 at depths of 2265 to 4230 m in the
Canadian, Eurasian, and Greenland Sea ba-
sins (Fig. 1); they were sectioned into 1-cm
slices for the top 10 cm and then analyzed.
All cores exhibit well-defined SMLs in the
top 2 to 4 cm on the basis of the 2!°Pb
profiles (Fig. 1). In the Eurasian Basin, Pb
concentrations in the SML are 1.6 to 4.8 pg
g~ ! higher than in the sediments immedi-
ately below, and the stable isotope ratios
are lower. At stations 39 and 37, the shift in
the isotopic composition associated with
the change in Pb concentration in the SML
is larger than at stations 36 and 35. In the
Canadian Basin sediments, elevated 2!°Pb
activities in surface sediments are similar to
those observed in the Greenland Sea and
Eurasian basins, confirming an active scav-
enging of 2!°Pb from the water column.
However, at stations 26 and 11, Pb concen-
tration does not differ between the SML
and the sediments immediately below, and
the stable Pb isotope ratios remain invariant
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(Fig. 1). At station 18, there is evidence of
a slightly increased Pb concentration in the
SML accompanied by a very small change
in the isotopic composition. The 2!°Pb and
Pb observations together imply that con-
taminant Pb is almost absent from the Ca-
nadian Basin because of a lack of supply
rather than an ineffectual vertical transport
pathway.

For the Greenland Sea and Eurasian Ba-
sin sediment cores, the contaminant Pb in-
ventories, calculated assuming a sediment
density of 2.5 g cm™? and with the mea-
sured porosity and the Pb concentration just
below the SML as a background value, are
0.6, 2.5, 3.2, and 4.4 png cm™2 at stations
36, 35, 37, and 39, respectively. These
inventories are comparable to those report-
ed by Hamelin et al. (7) for the Hatteras
and Bermuda abyssal plains in the North
Atlantic (2.8 to 4.3 png cm™?) and well
exceed the atmospherically derived Pb in-
ventory of ~0.2 pg cm 2 observed at the
Greenland ice cap (/2, 13). Considering the

Fig. 1 (left). Depth profiles of Pb
Pb concentration, 2'°Pb activity,

and stable Pb isotope ratios 5

(Hg/g) (dpm/g)

'l|5 250
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low atmospheric flux of Pb to the Arctic in
general (I3, 14), our sediment core data
imply a surprisingly efficient delivery of
contaminant Pb by ocean currents to these
polar basins. Extrapolation of the results to
the entire Eurasian Basin (~1.5 X 10
km?) yields a total accumulation of 9 to 48
Mt of anthropogenic Pb in basin sediments.

By means of a simple two-component lin-
ear model, the isotopic composition of the
contaminant Pb can be determined at stations
where the stable Pb isotope ratios show the
greatest changes (Fig. 2). Assuming that the
fraction of natural Pb is F, the fraction of
anthropogenic Pb is F,, the measured Pb
concentration is Pby, ., , and, for a given ratio
such as 2°°Pb/?°"Pb, the measured value is
(3°Pb/2°7Pb),,..; then, F, + Fy = land F,,
(206Pb/207pb)A + FN (206Pb/2()7Pb)N
(?°°Pb/*°’Pb),,.... Analogous equations ap-
ply to the other measured ratios. Isotopic
compositions for natural and anthropogenic
Pb were assigned after a close examination of
all our isotopic data plotted as the various
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206pp/204pb) in the top 10 cm of
sediment cores collected in the
Creenland Sea Basin (station
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39), the Eurasian Basin (stations S
37, 36, and 35), and the Cana-
dian Basin (stations 26, 18, and
11). Sediment aliquots were
leached during 12 hours at room
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disks, and the 2%°Ra activity (as-
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ma spectrometry on dried sediments with an ultralow-background Ge-
Fig. 2 (right). Plots of the 2°6pb/298pb (open squares)
and 205pb/2%4pb (open circles) ratios versus 2°6Pb/2°7Pb ratio at stations
39, 37, and 35. The shaded rectangles represent the average isotope
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ratios shown in Fig. 2. The natural Pb isoto-
pic ratios were estimated from the measure-
ments below the SML. Ratios for anthropo-
genic Pb (Table 1) were assigned as follows.
A range of ratio values was input to the
equations, and the respective solutions for £
and F,, together with Pb,, . were used to
calculate the concentration of both natural
and anthropogenic Pb. The best solution was
constrained to that which (i) produced a nat-
ural Pb profile approximately constant with
depth, (ii) yielded concentrations above zero
for anthropogenic Pb in the SML only, and
(ii1) gave similar Pb concentrations, within
the errors of measurements, when calculated
with any of the Pb isotope ratios. For this
latter calculation, the best fit was arrived at
by minimizing the standard deviation for the
Pb concentrations found with the three ratios.

The best algebraic solutions for Pb isoto-
pic composition (shaded rectangles in Fig. 2)
reflect the composite values for contaminant
or natural Pb deposited into the SML over
time measured in centuries. The anthropo-
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ratios for anthropogenic and natural Pb in the SML. These ratios were
used to determine the concentration of both anthropogenic and natural
Pb at each site. Similar results were obtained with each of the Pb isotope

www.sciencemag.org



genic Pb ratio, therefore, is an average for all
contaminant Pb, most of which has been de-
posited during the past 70 years (/3). The
isotopic composition for anthropogenic Pb at
stations 37 and 39 falls into the range typical
for recent Western European sources, as sum-
marized by Véron and Church (/5). Specifi-
cally, the 2°°Pb/297Pb ratio at these stations
(1.139) is within the range of the values
reported for Pb aerosols in France and Ger-
many (1.12 to 1.15) and Great Britain and
Spain (1.10 to 1.13) that are heavily influ-
enced by the low ratios (1.06 to 1.09) typical
of Western European gasoline emissions
(16). The ratio also matches the values for
Western Europe (1.130 to 1.155) reported by

REPORTS

Hopper et al. (17) and suggested (1.112 to
1.152) by Alleman et al. (5). At the North
Pole (station 35), however, the calculated
isotopic ratio for anthropogenic Pb is not the
1.139 found at stations 37 and 39 but rather
~1.179 (Fig. 2). Another Pb source is im-
plied by this ratio, most likely coal combus-
tion and industrial sources in the former
USSR and Eastern Europe (17, 18). Although
a small increase in Pb concentration is detect-
ed in the sediment SML at stations 36 and 18,
the signal is too weak to assign the isotopic
composition with confidence.

A compelling story of Pb transport emerg-
es when the sediment data are viewed in the
context of Atlantic water circulation (Fig. 3)
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Fig. 3. Inventories of contaminant Pb (orange bars) and excess 2'°Pb (red bars, calculated as the
difference between the total 27°Pb activity illustrated in Fig. 1 and the background 22°Ra activity
for each core). The boundary currents of Atlantic water (blue arrows) proposed by Rudels et al. {9)
provide a simple transport mechanism to explain the distribution of contaminant Pb within the
Eurasian Basin sediments; the low inventory observed at the Greenland ice cap (73) suggests the
atmosphere to be a minor pathway. The times of transit from the North Sea (blue italics) [as
described by Smith et al. {27) and Smethie et al. (28)] and the Pb isotopic composition (not shown)
suggest that contaminant Pb deposited at stations 39 and 37 derives from Western Europe whereas
Pb at station 35 derives from Eastern Europe/Russia, probably via the Eastern Laptev Sea (70). There
is no evidence of contaminant Pb in Canadian Basin sediments except for the small signal observed
at station 18 under the continuation of the Atlantic water boundary current. The 2'°Pb inventories
show that Pb is scavenged relatively effectively from the water column, implying that lack of
contaminant Pb in Canadian Basin sediment is due to a lack of supply of contaminant Pb to the
water. The recent location of the front between Atlantic and Pacific surface water masses {dashed
line) is drawn from Morison et al. (29). GRIP (Summit), Greenland Ice Core Project Summit.

Table 1. Pb isotope ratios for anthropogenic Pb in the SML at stations 39, 37, and 35. Numbers in

parenthesis represent SD.

Station ZOGPb/207Pb 205Pb/204pb 206pb/208pb

(* 0.003) (* 0.05) (* 0.001)
39 1.139 17.98 0.4651
37 1.139 17.75 0.4642
35 1.179 18.38 -
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proposed by Rudels ez al. (9). The relatively
low Pb inventories in Western Arctic basins
and contrasting high inventories at station 39
in the Greenland Sea and station 37 within
the Eurasian Basin, together with the contam-
inant Pb isotopic composition, reveal the de-
livery of contaminant Pb to the Arctic Ocean
in a fashion reminiscent of the radionuclides
discharged to the sea from European nuclear
fuel reprocessing plants (/9). Anthropogenic
lead is carried into the Arctic Ocean via both
Fram Strait Branch Water (FSBW) and Bar-
ents Sea Branch Water (BSBW). Pb in
BSBW is likely to have been largely scav-
enged from the water while it flows across
the highly productive, particle-rich Barents
Sea shelf whereas a much lower quantity of
Pb is removed from FSBW during its passage
along the continental margin of the Green-
land and Norwegian seas and Nansen Basin.
BSBW is cooled and freshened over the shelf
with its density and depth range being ex-
panded (to a depth of about 1300 m) as it
exits the Barents Sea via the Santa Anna
Trough and displaces FSBW outward (to-
ward the interior of the Eurasian Basin). The
eastward continuation of Atlantic water flow-
ing in a boundary current around the southern
end of the Nansen Basin and across the
Lomonosov Ridge into the Western Arctic
Ocean contains 50 to 80% BSBW (20),
whereas water that recirculates in the Eur-
asian Basin has a proportionally greater com-
ponent of FSBW. With BSBW having been
largely stripped of its anthropogenic Pb, both
over the shelf and during its 5- to 10-year
transit around the continental margin, there is
little residual signal available for deposition
in the Western Arctic basins. In contrast,
sediments in the Nansen Basin (e.g., stations
36 and 37) are subject to Pb contamination by
direct scavenging from FSBW during its ini-
tial passage along the continental margin or
by nephloid transport of contaminated sedi-
ments from shelf/slope regimes. The different
isotopic composition of contaminant Pb at the
North Pole (station 35) suggests that replen-
ishment of contaminant Pb has occurred from
Eastern European/Russian sources, probably
via the Eastern Laptev Sea (/0).

Although ice efficiently transports par-
ticles (27) and must therefore carry partic-
ulate Pb from the Laptev Sea across the
North Pole (Fig. 3), we cannot tell whether
it is the ice or the water in the transpolar
drift that provides the more important path-
way to the pole sediments. It is possible
that ice transports most of its burden to the
Greenland Sea, where it is deposited when
the ice melts. The continuation of the trans-
polar drift in the East Greenland current
passes near a station just north of Iceland
(station V12, Fig. 3), where Véron et al.
(22) determined a 2°6Pb/2°7Pb ratio of
1.165 to 1.178 in surface water. This value
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is close to our determination for contaminant Pb
at the North Pole (~1.179), lies within the
range of Eastern European sources, and could
signify the export of Pb from the Laptev Sea
either in ice or water—a process that takes as
little as 2 years (23). Finally, the Pb data sug-
gest that the recent displacement of the front
between the Atlantic and Pacific water mass-
es into the Canadian Basin (Fig. 3) is unusual
in that contaminant Pb, which may be trans-
ported there from the Laptev Sea under the
present circulation regime (24), is simply not
evident.
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climates.

The Cariaco Basin, an anoxic marine basin on
the northern shelf of Venezuela, is a highly
sensitive recorder of past climates in the trop-
ical ocean (/—4), in part because its position
causes it to accumulate sediments of both
marine and terrestrial origin. At ~10°N, the
basin sits at the northern edge of the annual
latitudinal range of the ITCZ, with the ITCZ
nearly overhead during the summer. During
this season, rain falls in regions that drain
directly into the Cariaco Basin or that con-
tribute to flow in the Orinoco River (5). The
subsequent runoff transports terrigenous ma-
terials to the coast and offshore, where they
accumulate in sediments of the Cariaco Basin
and surrounding shelf (3). During the winter/
spring, when the ITCZ is located over the
equator or further south, local river runoff is
diminished, and the northeast trade winds
shift south and intensify over the Cariaco
Basin (5). These strong winds drive up-
welling along the Venezuelan coast that feeds
biological production in Cariaco surface wa-
ters, delivering organic matter and calcareous
and siliceous microfossils to the seafloor.
This seasonal alternation between river run-
off and upwelling is recorded in the lamina-
tion of the Cariaco sediments, with dark-
colored terrigenous grain-rich layers deposit-
ed during the rainy summer/fall and lighter-
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colored biogenic-rich layers deposited during
the windy winter/spring (Fig. 1). The absence
of oxygen in deep basin waters prevents bio-
turbation, resulting in a continuous, largely
laminated sediment sequence spanning the
last 14.5 thousand years (ky) (Z, 2).

Ocean Drilling Program (ODP) Site 1002
(10°42.73'N, 65°10.18'W ) was drilled at a
water depth of 893 m (6), well below the
depth (~300 m) at which oxygen-free condi-
tions in the Cariaco water column currently
begin. We report on the uppermost 5.5 m of
the 170-m sediment sequence recovered at
Hole 1002C, which covers the last 14 ky. The
laminated nature of the sediments and the
high deposition rates (~30 cm/ky) in this
natural sediment trap yield an important trop-
ical counterpart to high-latitude ice cores for
the study of climate change at interannual to
millennial time scales. Detailed age control is
based on a series of 10 accelerator mass
spectrometry (AMS) '“C dates of the planktic
foraminifer Globigerina bulloides, all trans-
ferred to calendar years using the calibration
of (7).

Bulk sedimentary iron (Fe) and titanium
(Ti) were measured over this interval at 2
mm spacing, corresponding to a sampling
interval of ~4 to 5 years, with a profiling
x-ray fluorescence scanner at the Universi-
ty of Bremen (Figs. 2 and 3) (&). This
represents the maximum resolution of this
new instrument. In our 14-ky-long record,
Ti and Fe concentrations were generally
low in sediments deposited during the
Younger Dryas cold period between 12.6
and 11.5 thousand years ago (ka). Their
concentrations increased during the “Pre-
boreal” period (11.5 to 10.5 ka) and were
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