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Abstract—Natural Pb-isotope variability in the oceans encodes information about the sources of continental
material to the oceans, about ocean circulation, and about Pb removal. In order to use this information, we
must understand the natural cycle of Pb in the oceans, which is overprinted by large anthropogenic input. In
this study we usé'®hb, which has not been significantly anthropogenically perturbed, to investigate oceanic
Pb. GEOSECS?*Ra and model-derived atmospheric fluxesHPb are used to inpi*%Pb into an ocean
general circulation model. Irreversible scavenging of #i%b onto settling biogenic particles and at the
seafloor are tuned so that the model replicates the observed pattéfRloiin the oceans. The best-fit model

run provides a map of the variability of residence time for Pb. The global average residence time of Pb in this
model is 48 yr, but there is over an order of magnitude variation between areas of high and low productivity.
This is expected to enhance provinciality of Pb isotope ratios in the oceans. Because stable Pb isotopes are
expected to behave in seawater in a similar fashiofttBb, the pattern of removal 6f°Pb derived by the

model can be used to investigate the behavior of stable Pb isotopes. We use a simplified input of Pb consisting
of five point sources representing major rivers and a disseminated dust input. Although this simplified input
scheme does not allow precise reconstruction of Pb concentration and isotopes in the oceans, it allows us to
answer some first-order questions about the behavior of Pb as an ocean tracer. With a total Pb inpxt of 6.3
10" mollyr (Chow T. J. and Patterson C. C., “The occurrence and significance of Pb isotopes in pelagic
sediments,’Geochim. Cosmochim. Acta 26, 263—308, 1962), the model predicts natural seawater Pb concen-
trations averaging 2.2 pmol/kg. Even in the absence of anthropogenic input, the model ocean exhibits a
near-surface maximum in Pb concentration. And the model suggests natural Pb concentrations in the Northern
Hemisphere an order of magnitude higher than in the Southern Hemisphere. A point source of Pb is suggested
to dominate the seawater Pb inventory close to the source but is reduced to typically less than 10% of the
inventory by the time that Pb is advected out of the originating ocean. This length scale of advection for Pb
isotope signals confirms their potential as tracers of ocean circulation. Assuming an 8% dissolution of dust,
their input to the open ocean are seen to be a significant portion of Pb inventory throughout the oceans and
make up>50% of the Pb inventory in the model's Southern Ocean. Finally, a preliminary investigation of the
response of Pb-isotope distributions to changes in boundary conditions between glacial and interglacial times
illustrates that significant variation in the Pb isotopes are expected in some regions, even for reasonably small
changes in climate conditionsCopyright © 2002 Elsevier Science Ltd

1. INTRODUCTION ally have different Pb-isotope compositions, allowing discrim-
ination of the sources.

To extract information from ocean Pb-isotope variability, we
must deconvolve the effects of source, advection, and removal.
This is made difficult by the dramatic increase of Pb in the
oceans that has occurred in response to human activity. Previ-
ous attempts to understand the oceanic Pb cycle have followed
several approaches. These include the use of two-dimensional
models of Pb removal in ocean gyres to explain observed
isotope values (Igel and von Blanckenburg 1999; von Blanck-
enburg et al., 1999) and the measurement of anthropogenic Pb
to learn about the advection and removal of Pb (e.g., Sherrell
and Boyle, 1992).

Another productive approach to the study of ocean Pb iso-
Jopes has been to use the radioactive Pb isoté®b, to
derive quantitative information about the removal of Pb from
the oceans at single sites or in particular regions. 3¥eb
cycle is not thought to have been significantly perturbed by
human activity, so observed distributions®fPb can help us
* Author to whom correspondence should be addressed (gideonh@ Understand the advection and removal of Pb in the oceans (e.g.,
earth.ox.ac.uk). Cochran et al., 1990).
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Pb-isotope ratios exhibit spatial variability in the oceans.
This reflects differences in the isotope ratio of the sources of
oceanic Pb and the short residence time of Pb in seawater
(Abouchami and Goldstein, 1995; Chow and Patterson, 1959,
1962; von Blanckenburg et al., 1996). This spatial variability
encodes information about the oceanic sources of Pb; about
ocean circulation; and about the ultimate removal of Pb (e.g.,
Abouchami et al., 1997; Christensen et al., 1997; O’'Nions et
al., 1998). Pb isotopes could therefore provide information
about the past distribution of continental weathering fluxes to
the oceans. And Pb isotopes could provide information about
past ocean circulation to complement that deduced from the
nutrientlike tracers, Cd/Ca ar8}>C. These existing tracers are
set in the surface ocean so that many sources of deep water ar
effectively labeled with the same Cd/Ca a®fC and cannot
be distinguished. But different deep-water source areas gener-
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In this study, we collate existing data on the distribution and
sources of #°Pp to the oceans and use them to tune a fully
three-dimensional global ocean model of Pb advection and
removal. We use this model to investigate the mixing of stable
Pb isotopes from various sources to answer question such as
these: What is the distribution of Pb residence time in the
oceans? How far from a point source of Pb is that source
expected to control the seawater isotope composition? What is
the ratio of aerosol to riverine derived Pb found in open-ocean
waters? And what is the likely sensitivity of ocean Pb-isotope
distributions to changing environmental conditions?

2. STABLE PB AND 2?°PB CYCLES IN THE OCEANS

There are three possible sources of dissolved Pb to seawater:
rivers, atmospheric dust dissolution, and mid-ocean—ridge in-
teraction. Before anthropogenic perturbation, riverine inputs
are expected to dominate the total dissolved Pb budget of the
oceans.

On the basis of measurements of hydrothermal fluids, Chen
et al. (1986) deduced that the total hydrothermal Pb input to the
oceans is ~2% of the total oceanic budget. A considerable
portion of this 2% is expected to be rapidly removed by
precipitation of sulfides and Mn-Fe particles, so hydrothermal
Pb is not expected to be a major contributor to the dissolved
oceanic Pb budget. This argument is, however, contradicted by
evidence from some Pb-isotope studies of Mn crusts
(Abouchami et al., 1997; Christensen et al., 1997), which show
trends toward mid-ocean ridge Pb-isotope values. These trends
may reflect the tendency of hydrothermal Pb to remain associ-
ated with Mn-Fe particles and therefore to be preferentialy
incorporated in Mn crusts. Or they may be biased by afew sites
particularly influenced by hydrothermal activity. These isotope
trends nevertheless indicate that some hydrothermal Pb enters
seawater, but we consider this to be a minor part of the total
oceanic budget.

The relative size of eolian vs. riverine sources is most easily
assessed by consideration of the output of Pb from the ocean
system. Chow and Patterson (1962) measured Pb isotopes and
concentrations for ~70 marine sediments from across the At-
lantic and Pacific Oceans. They used leaching experiments and
sediment mass balance to demonstrate that a significant portion
of the Pb in marine sediments is authigenic and therefore
derived from dissolved seawater Ph. They assessed the flux of
such authigenic Pb to the sediment as 6.3 X 10” mol/yr. It is
only possible to explain a small amount of such a flux of
dissolved Pb by the dissolution of atmospheric dust, and the
remainder must therefore enter the oceans in rivers. Constraints
on the fraction of Pb entering the oceans from the atmosphere
will be further discussed in section 5.1.

Human activity, particularly the addition of Pb to gasoline
and the smelting of metal ores (Nriagu, 1979; Shen and Boyle,
1987), has dramatically increased the Pb flux to the oceans.
Depending on location, atmospheric Pb fluxes have increased
to between 5 and 10,000 times their natura levels (Patterson
and Settle, 1987), and riverine fluxes have also increased dra-
matically. This perturbation is commonly thought to cause the
observed near-surface maximum of Pb concentration in the
oceans (Flega et al., 1986; Shen and Boyle, 1988). This an-
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Fig. 1. Meridianal sections of 2*°Ra concentrations for, @) the At-
lantic and, b) the Pacific Oceans (see inset map for location). Units are
dpm/100 L. Data are from GEOSECS and have been contoured with
the flow fields of the Hamburg GCM.

thropogenic Pb makes the natural Pb system unobservable at
present.

219y is amember of the 2°8U decay series with a half-life of
22.3 yr. It is input to the oceans predominantly through the
decay of **°Ra in seawater. In addition, decay of 2°Rn in the
atmosphere and subsequent rain-out provides an additional
source of 2'°Pb to the surface of the ocean. This additional
source can lead to surface 2'°Pb activities greater than those of
22%Ra. But in the deep ocean, the 2*°Pb activities are lower than
those of 2*°Ra, reflecting the active removal of Pb from sea
water on timescales comparable with the half-life of 22°Pb.

The flux of #?Rn to the atmosphere may have been slightly
perturbed by human activity through plowing and other soil
disturbance. But these effects are small, and because the ma-
jority of oceanic 2*°Pb comes from decay of *°Ra, which is not
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Fig. 2. Eolian input of 21°Pb to the surface ocean. Units are dpm/(cm?a). Values were provided by Fritz Zaucker and are
taken from an atmospheric model of 2*Rn sources and transport (Lin et al., 1996). The model values are in agreement with

the sparse open-ocean measurements of eolian 2°Pb fluxes.

thought to be anthropogenically altered, the oceanic #*°Pb cycle
is not expected to have atered significantly in response to
anthropogenic change.

Although the sources of 2*°Pb and stable Pb are very differ-
ent from one another, their behavior within seawater and the
mechanisms for their removal are expected to be identical.
21%ph therefore offers the potential to accurately constrain the
removal of stable Pb from the oceans and to help in decon-
volving the importance of sources, advection, and removal on
the Pb-isotope patterns observed in the present and past oceans.

3. MODEL OVERVIEW

The models used in this study are two well-documented
ocean general circulation models developed by the Hamburg
group. The first of these is the Hamburg large-scale geostro-
phic—ocean general circulation model (LSG-OGCM; Maier-
Reimer et al., 1993), which derives ocean-circulation fields
from basic fluid-dynamic principles. Derivation and perfor-
mance of this model have been fully discussed elsewhere
(Maier-Reimer et al., 1993; Winguth et a., 1999); this model
provides velocity fields that correspond reasonably with those
in the real world. For instance, the LSG-OGCM produces
redistic salinity and density distributions in the oceans and
creates ~16 Sv of North Atlantic Deep Water leaving the
Atlantic at 30°S. In this study, we use a 15-layer version of this
model, identical to that described by Maier-Reimer (1993). The
LSG-OGCM velocity fields are taken off line and used in a
carbon-cycle model: the Hamburg oceanic carbon cycle model
(HAMOCC3), which is also fully documented elsewhere (Hei-
nze et d., 1991; Maier-Reimer, 1993). This model uses the
velocity fields to transport important chemical species (princi-
pally dissolved inorganic carbon, akalinity, phosphate, oxy-
gen, and silica) and predicts new production at the ocean

surface of calcite, opal, and particulate organic carbon by
means of Michaelis-Menten-type production kinetics. Model-
derived new production of the three organic particle species
(Maier-Reimer, 1993) and model-derived fluxes of material to
the seafloor (Heinze et al., 1999) match those observed reason-
ably well. HAMOCCS has a grid resolution of 3.5° latitude by
3.5° longitude, giving riseto atotal of ~32,000 wet grid points.
It has been modified for this study by the addition of subrou-
tines to describe the behavior of Pb isotopes as described
below.

4. MODELLING OF THE #'°PB CYCLE

4.1. Oceanic ?*°Ra Sources

22°Ra enters the ocean predominantly by diffusion from
bottom sediments (Craig et al., 1973). With a half-life of 1600
yr, *°Ra has been extensively investigated as a potential tracer
of ocean circulation, and several surveys of its spatial variation
have been performed. For example, ?*°Ra was measured on
2326 samples during the GEOSECS program (Ostlund et a.,
1987) and these measurements used to investigate the potential
of 2?°Ra as an ocean tracer (Bacon et al., 1976; Broecker et al.,
1976; Chan et al., 1976; Chung, 1974, 1976, 1981, 1987,
Chung et al., 1982; Ku and Lin, 1976; Nozaki and Tsunogai,
1976). We have used these GEOSECS data to construct a
dynamically smoothed *?°Ra concentration field for the global
oceans. Meridianal sections through this field are shown in
Figure 1. These show the general increase of 2*°Ra concentra-
tion with depth, reflecting the bottom source and the correlation
of 2*°Ra with deep-water age (Ku and Luo, 1994). Decay of
this 2*°Ra produces 85% of the 2*°Pb input to the oceans in this
model.
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Fig. 3. Expected no-scavenging *°Pb concentrations along meridi-
anal sections in the Atlantic and Pacific Oceans (see inset map for
location). Units are dpm/100 L. These figures are model derived and
represent the combination of the two sources of 2'°Pb to the oceans if
there were no removal.

4.2. Atmospheric *2Rn Sources

The 15% of 2*°Pb flux to the oceans not contributed by the
decay of ?*°Ra is due to atmospheric fallout. Gaseous 2?°Rn
escapes from soils to the atmosphere (Graustein and Turekian,
1990), where its short half-life of 3.82 d makes it a potentially
useful circulation tracer (Balkanski et a., 1993; Lee and Feich-
ter, 1995). ?*?Rn decays (via several intermediates, all with
half-lives of less than 30 min) to #'°Pb, which rapidly adheres
to atmospheric particles and is washed from the atmosphere by
rain. 2*°Pb fluxes to the ocean surface are therefore controlled
by three factors: proximity to large land masses, atmospheric
circulation, and rainfall. For atmosphere-to-ocean 2'°Pb fluxes
in this study, we use the output of an atmospheric model of

222Rn provided by Fritz Zaucker (Lin et al., 1996) (Fig. 2).
Atmospheric fallout fluxes of 21°Phb in this mode! agree with the
few observations made for open ocean sites (Turekian and
Cochran, 1981; Settle et al., 1982; Fuller and Hammond, 1983;
Turekian et a., 1983).

4.3. 22%PhH Removal

Without removal by particle scavenging, *'°Pb activities
would be in secular equilibrium with ?*°Ra in the deep oceans
and would be somewhat higher in surface water due to atmo-
spheric rain out (Fig. 3). There have been many studies of 2*°Pb
in the oceans (Bacon et al., 1976; Somayajulu and Craig, 1976;
Thomson and Turekian, 1976; Nozaki et a., 1976, 1980, 1991,
Bacon, 1977; Chung, 1981, 1987; Spencer et a., 1981; Chung
and Craig, 1983; Chung et a., 1983; Cochran et al., 1983;
Moore and Smith, 1986; Cochran €t al., 1990; Thomson et 4a.,
1993; Anderson et al., 1994; Colley et al., 1995). These studies
contain ~1709 2*°Pb measurements for the open ocean, which
clearly show the removal of Pb by particle scavenging (com-
pilation available on the Internet at http://www.earth.ox.ac.uk/
~gideonh/modelling/u-series.html).

Extensive previous testing of the Hamburg genera circula-
tion models (GCMs) used for this study have demonstrated that
it generates redlistic oceanic distributions of oxygen, phos-
phate, alkalinity, and, of particular interest for this study, bio-
genic particles (Maier-Reimer, 1993; Maier-Reimer and Hen-
derson, 1998). We remove '°Pb from the model ocean by
irreversible scavenging onto this biogenic particle field. There
is also evidence that Pb is removed from the ocean by bottom
scavenging to sediment (Spencer et ., 1981), and this removal
mechanism isincorporated in the model. This givestwo tunable
scavenging parameters that can be adjusted to mimic the ob-
served ocean 2*°Ph distribution: scavenging rate onto biogenic
particles, and scavenging rate onto the seafloor. This modeling
approach relies on two assumptions about the removal of Pb in
the oceans: that it is independent of particle chemistry and that
itisirreversible.

To our knowledge, no field or laboratory study has explicitly
investigated the effect of particle chemistry on Pb scavenging.
Although the Hamburg model generates independent fields of
particulate organic carbon, calcite, and opal particle mass,
scavenging to each of these particle types at a different rate
would increase the tunable parameters from two to four. It is
not clear that the available #*°Pb observations provide suffi-
cient characteristic variability to enable four tunable parameters
to be constrained. We have made some attempts to adjust
scavenging rates to the various particle types, but we were not
able to significantly improve the quality of the model fit over
that using a single rate. In the absence of data to indicate
differential scavenging depending on particle chemistry, scav-
enging onto all particle types equally is therefore most appro-
priate.

In general, 2'°Pb activities do not approach *?°Ra activities
with depth in the oceans as would be expected if Pb scavenging
was reversible (i.e., if 2°Pb was being removed from surface
waters and reequilibrating with deeper waters as for some other
metals, notably Th). It isclear from this observation that at |east
most Pb scavenging is not reversible. We have investigated the
possihility that a fraction of Pb removal isreversible within the
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Fig. 4. Model-derived Atlantic and Pacific sections and a surface-water map of 2'°Pb with scavenging tuned to give the
best fit to observed 2*°Pb values throughout the oceans. Note the lower values than in Figure 3, reflecting the scavenging

removal. Units are dpm/100 L.

model but were not able to significantly improve model fit to
data by allowing any reversible exchange to occur. We there-
fore assume that scavenging is fully irreversible. This is in
contrast to similar modeling studies for 2*°Th which required
scavenging to be fully reversible (Henderson et al., 1999).
Chemically, this difference may reflect the probable ionic spe-
ciation of Pb as Pb-carbonate or dichloride complexes (Byrne,
1981), which contrasts with the likely speciation of Th as a
neutral hydroxide molecule. It should be noted that irreversible
scavenging does not preclude the transport of Pb to depth in the
ocean because a large portion of settling particles dissolve
while settling, and these rel ease their Pb back into the dissolved
phase.

The tuning of the scavenging rates was obtained in a series
of 60-yr simulations to minimize the root-mean-square (rms)
deviation between observations and model output at the same
locations:

rmsdeviation =

(\= (model?Pb — observed®Pb)%/= (observed®®Pb)?) X 100.

The resulting best-fit model yields an rms fit of 4.4 dpm/100 L
(disintegrations per minute per 100 litres). This compares with
an rms fit of 15.5 dpm/100 L for the no-scavenging model run
and a typical measurement uncertainty of 1 to 2 dpm/100 L
(Chung et a., 1983). We consider that the best-fit model is
removing 2'°Pb from the oceans in a broadly realistic manner.
Resulting meridianal sections and a surface map of 2*°Pb are
shown in Figure 4, and a comparison of the model and obser-
vations for the surface layer shown in Figure 5. In general, the
model predicts®*°Pb values in the surface layer well, although
model values are dightly high in the Northern Hemisphere.
Because this hemisphere has alarge continental area, this slight
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Fig. 5. Comparison of model 2*°Pb values for the surface ocean with
observations. Shading denotes ocean basin (e.g., NA = North Atlantic).
Units are dpm/100 L. Note the first-order agreement of model values
with observations and the dlight overestimates of the model in the
Northern Hemisphere.

failing of the model most probably reflects overestimated at-
mospheric 2*°Pb fluxes.

Surface-layer *°Pb values without scavenging (Fig. 3) are
much higher than observations, so the reasonable replication of
observations by the model suggests that it is, on average,
removing Pb at a redlistic rate from the surface layer. The
spatial pattern of this removal can be assessed by comparing
21%ph concentration for the surface layer (Fig. 4) with the
measured pattern of Nozaki et al. (1976). First-order features
are well captured with the mode! replicating 2*°Pb concentra-
tions of ~25 dpm/100 L for the north Pacific gyre, ~16
dpm/100 L for the south Pacific gyre, and ~10 dpm/100 L for
the equatorial regions. The details of the east—west distribution
are less well replicated, with the model predicting higher 2°Pb
in the east of the North Pacific, whereas observations suggest
higher values in the west. And the model predicts lower 2*°Pb
in the eastern equatorial region, whereas observations suggest
that lower values should be in the west. The latter mismatch
may be partly due to the paucity of observationsin the eastern
equatorial region, athough the model clearly overestimates
absolute values in the western equatorial Pacific, possibly be-
cause of inadequate boundary scavenging.

4.4. Residence Times for Pb

The input of #*°Pb is well known from observation of the
source nuclides. From this input, the model mimics observed
21%ph reasonably well, capturing first-order features of the
observed distribution. This suggests that it is removing Pbin a
realistic manner. Calculation of residence times for Pb around
the oceans can therefore be calculated. Previous residence
times for #°Pb have generally been calculated for individual

water column profiles with the following equation (Cochran et
al., 1990):

N (*°Pb supply) A
Teeav = \ (2P supply) — (2%Pb observed)  ©) ~ Ay’

where 7, is the residence time relative to scavenging, and
Ao isthe half-life of 21°Pb. In the one-dimensional situation of
a single profile, *°Pb supply is given simply by

(*°Pb supply) = (**Ra) + (*°Pb settling),

where ?1°Pb settling is the *°Pb rel eased to the dissolved phase
from above, either by atmospheric fallout, or by dissolution of
settling particles. This equation, however, makes no allowance
for advection of #*°Pb into or out of the water column. To
consider the true three-dimensional case, advection terms must
be added. As an extreme example, consider a packet of water
advected quickly from an area of high productivity to one of
low productivity. 2*°Pb scavenging in the high-productivity
region will reduce the '°Pb/??°Ra ratio beneath equilibrium.
This ratio will be advected to the region of low productivity
where, even if *°Pb removal is nonexistent, the low observed
21%ph would suggest a one-dimensional residence time similar
to that in the high-productivity region.

Because the use of stable Pb isotopes in the oceans as
paleotracers is of interest, we wish to learn about the rate and
distribution of Pb removal. A more appropriate way of assess-
ing Pb residence times, therefore, is to calculate 7, from the
output of Pb at each grid point rather than the inputs:

_ water column Pb inventory
e = " yemoval rate of Pb

Maps of 7, calculated in thisway for Pb scavenging from the
upper 75 m and upper 2000 m of the water column are shown
in Figure 6. The removal rate of Pb is assessed from 2*°Pb
removal, but 7, is calculated in these figures by using stable
Pb isotopes as these are of interest as paleotracers. The slight
difference in water-column profiles between 2'°Pb and stable
Pb will lead to slight differencesin 7, for these two types of
Pb but these differences will be subtle and the maps in Figure
6 can be considered as representing both radioactive and stable
Pb. Average values of 7., are similar to those in previous
studies, but the degree of variability is higher, reflecting the
calculation from removal rather than input. This difference in
calculation method also makes it difficult to directly compare
T, VAlUes calculated from #*°Pp at individual sites with 7,
calculated from the model. Nevertheless, model 7., agrees
well with observations in areas such as South Africa (5 yr,
Shannon et al., 1970) and the Labrador Sea (6 yr, Bacon et al.,
1978). Estimates of 7, that use the removal of the anthropo-
genic Pb pulse at Bermuda are ~2 yr (Sherrell and Boyle,
1992), which the model predicts well.

The model predicts variability in 7., of more than an order
of magnitude, reflecting the dramatic changes in biogenic par-
ticle flux observed around the oceans. The large variability in
Teeaw When calculated from the Pb removal flux will serve to
increase provinciality in Pb isotopes with regions relatively
isolated by high-productivity belts. The global average Pb
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Fig. 6. Residence times for Pb based on the best fit model of 2*°Pb removal. These are calculated as the water column
inventory of Pb above a horizon divided by the flux of Pb through that horizon. Residence time for Pb (a) above 75 m and

(b) above 2000 m. Units are years.

residence time for the model (e.g., the total ocean Pb inventory
divided by Pb output due to scavenging) is 48 yr.
5. MODELING OF THE STABLE PB CYCLE

The flow fields of the GCM advect Pb, and the 2*°Pb distri-
bution constrains the removal of Pb, so we can now begin to

investigate the behavior of natural, stable Pb in the ocean.
The missing part of the puzzle is the pattern of inputs of
stable Pb. For this study, we have chosen a highly simplified
pattern of inputs (Table 1). It should be stressed that this
simplified input is not intended to be a fully accurate repre-
sentation of Pb input to the oceans but instead is focused on
answering some basic questions about the control of open-
ocean Pb isotopes.
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Table 1. Simplified stable-Pb-isotope input for the model. |sotope ratios are taken from the literature. River values are based on river particulates

or fan turbidites. Fluxes are estimated using approaches outlined in the text.

Total Pb flux Pb flux
Site (%) (10° glyr) 206pp/2%4ph Reference for isotope ratios
Rivers Yangtze 24 31 18.40 Hemming and McClenan, 2001
Amazon 23 3.0 18.91 Asmeron and Jacobson, 1993
White and Dupre, 1985
Ganges 14 18 18.83 Hemming and McClenan, 2001
Russian Rivers 11 18 19.20 Estimated
Mississippi 13 17 19.18 Asmeron and Jacobson, 1993
Totd rivers 88 114
Eolian Sahara 18.98 Hamelin et a., 1989
Patagonia 18.18 Grousset et a., 1992
Austraia 18.75 Grousset et al., 1992
China 18.81 Jones et al. 2000
S. Africa 18.80 Grousset et al., 1992
Arabia 18.60 Estimated
Tota eolian 12 16

5.1. Dust Inputs of Pb

The size of eolian inputs of dissolved Pb to the oceans
relative to riverine inputs is key to the question of which of
these Pb sources control the open-ocean Pb-isotope signal. The
simplest way of assessing the relative size of the dust contri-
bution to oceanic Pb is from the total annual output flux of
authigenic Pb which equals 6.3 X 10” mol/yr (=1.3 x 10%°
glyr) (Chow and Patterson, 1962). The total flux of eolian
material to the oceans is ~1 X 10 g/yr (Duce et al., 1991).
Assuming that this is typical crustal material with a Pb con-
centration of 1 X 10~7 mol/g (=20ppm) and that 8% of this
dust dissolves in seawater (by analogy with Al; Maring and
Duce, 1987), a total eolian contribution to the dissolved Pb
budget of 7.7 x 10° mol/yr (=1.6 X 10° g/yr) is suggested, or
12% of the required natural annual budget. Uncertainty in this
value arises principally from the assumption that 8% of the Pb
is released from dust to the dissolved phase. This value is
reasonable given the well-constrained 8% value for Al, which
represents a good tracer for continental silicates. But there
remains the possibility that a surface coating rich in Pb in
typical dust might increase the dissolvable percentage of Pb. If
the true release of Pb is higher than the modeled 8% dissolu-
tion, this will lead to an increasing significance for dust in
controlling open-ocean Pb values. For small changes, the in-
fluence of dust on open-ocean Pb will scale approximately
linearly with dissolution percentage.

The pattern of eolian inputs to the ocean is easier to con-
strain. There are severa models of global dust fluxes that
accurately replicate observations. For this study, we use the
model of Andersen et a. (1998), which has two particular
advantages. First, it discriminates between dust from different
sources, allowing usto label various dust sources with different
Pb isotope signals. And second, thereis aglacial version of the
model that allows us to investigate past variability. The distri-
bution of dust fluxes to the ocean for the Holocene and last
glacial maximum based on this model are shown in Figure 7.

5.2. Riverine Inputs of Pb

The 88% of dissolved Pb that is not supplied by dust disso-
lution must be supplied by riverine inputs. This is despite the

fact that Pb removal is expected to occur in the nearshore
environment and suggests that original riverine Pb fluxes must
be even larger before this removal. For the model, we charac-
terize thisriverine Pb input crudely by using five-point sources
of dissolved Pb representing five important rivers. These
sources are selected as representing the largest contributors of
total dissolved load (TDL) to each of the major oceans (Berner
and Berner, 1987). Between them, these rivers represent ~25%
of the total flux of TDL to the ocean. Dissolved Pb fluxes for
the rivers are scaled relative to one another according to TDL
(Table 1) and are input directly to the open ocean, thereby
assuming that estuarine loss is the same for al the river sys-
tems. To a first approximation, it is sensible to scale rivers by
using their TDL because in pristine streams where anthropo-
genic Pb contributions are minimal, dissolved Pb behaves sim-
ilarly to iron (Erel and Morgan, 1992) and Fe concentrationsin
rivers correlate reasonably with TDL (Goldstein and Jacobsen,
1987).

The issue of estuarine loss of Pb is complex and varies with
the estuary studied. In some rivers, Pb is removed by estuarine
processes—for example, the Seine (Chiffoleau et al., 1994), the
Savannah (Windom et a., 1985), the Gota (Danielsson et a.,
1983), and the Bang Pakong (Windom et al., 1988). In other
rivers, Pb behaves conservatively—for example, the Rhone
(Elbaz-Poulichet et al., 1996), the Ogeechee (Windom et al.,
1985), and several Texas rivers (Benoit et a., 1994). And in
some examples, Pb is released during transit through the estu-
ary, asin the Loire (Boutier et a., 1993), or is seen to undergo
both removal and release, asin the Gironde (Elbaz-Poulichet et
al., 1984). This degree of complexity and the lack of measure-
ments on major river systems means that differential estuarine
removal cannot be incorporated in the model at this stage.

5.3. Natural Seawater Pb Concentrations

Model-derived seawater Pb concentrations for the natural
system without anthropogenic inputs average 2.2 pmol/kg
(=0.45 ng/kg) (Fig. 8). This average Pb concentration is con-
trolled by the annual input (=output at steady state) and the
residence time. Because the residence time is well constrained
by the 2*°Pb data, the average Pb concentration is as accurate
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Fig. 7. Dust input to the surface of the oceans. Values are mg/(m?d). Values are taken from a model by Andersen et al.
(1998). () Modern fluxes. (b) Expected fluxes at the last glacial maximum.

as the estimate of total Pb output of 6.3 X 107 mol/yr (Chow
and Patterson, 1962) and will scale linearly with any changesin
this value.

Expected natural Pb concentrations are generally at a max-
imum in the surface ocean (Fig. 8). This should not be a
surprise given that riverine and eolian sources of Pb are input
into the surface ocean and given that scavenging isirreversible.
Nevertheless, it isinteresting that the present-day surface-water
Pb concentration peak is not solely due to anthropogenic Pb
input, as has commonly been assumed. This model result is
considered reasonably robust. Only a large fraction of revers-
ible scavenging would remove the natural surface maximum,
and this seems unlikely given the inability to mimic #*°Pb
profiles with reversible exchange.

Natural seawater Pb concentrations are about an order of

magnitude higher in the Northern Hemisphere than in the
Southern Hemisphere (Fig. 8). Thisresult is entirely dependent
on the assumed input of stable Pb. Although the input used here
is simplistic, it does seem likely that inputs to the Northern
Hemisphere will dominate the natural Pb budget due to larger
area of continents in that hemisphere. The difference between
the hemisphere Pb concentrations are exaggerated by the dra-
matically increased scavenging of Pb in the high productivity
equatorial belts. This is particularly marked in the Pacific
section, where the magjority of the Pb concentration change
occurs between 20°N and the equator. Finer details of the stable
Pb concentration sections shown in Figure 8 are not expected to
be accurate due to the simplistic inputs used in this study. But
the length scales of change are expected to be broadly correct
for seawater Pb concentrations.
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Fig. 8. Atlantic and Pacific sections of stable Pb concentrations.
Units are pmol/kg (1 pmol/kg = 0.21 ng/kg) and are based on a total
input of stable Pb of 6.3 X 107 mol/yr (Chow and Patterson, 1962).
Precise values are not expected to be accurate because of the simplistic
input pattern of Pb, but the average concentration is expected to be
accurate. The length scale of changes in concentration is also expected
to be broadly correct, and the general pattern of higher values in the
Northern Hemisphere is probably correct on the basis of the presence
of more continental area there.

5.4. Influence of a Point Source

The influence of a point source of Pb is illustrated here by
model results for the Amazon River source of stable Pb (Fig.
9). In the model, the Amazon contributes 23% of the total open
ocean Pb budget. Thisis sufficient for it to play alargerolein
the surface Atlantic north of ~20°S. Amazon Pb is advected to
depth with NADW and is a significant portion of seawater Pb
throughout the deep Atlantic. During this transport, however,
the total Pb concentration is reduced by an order of magnitude
so that once into the Indian ocean, the influence of Amazon Pb
is rapidly reduced by mixing with other sources, notably the
Ganges/Brahmaputra. Onceinto the Pacific, the influence of the
Amazon is expected to be small and is less than 10% through-

out the water column in the model ocean for all latitudes north
of ~60°S.

Again, precise features of the influence of Amazon Pb are
not expected to be accurately represented by the model, given
the crude input pattern of stable Pb. But the general length scale
over which a point source of Pb will influence seawater isotopic
balance is expected to be a robust feature. This result is en-
couraging for the use of Pb isotopes as an oceanic tracer
because the expected advection of isotope signals is long
enough to alow them to be accurately reconstructed, but short
enough to prevent full mixing of the isotope signal.

5.5. Riverine vs. Dust Control of the Open Ocean

With the stable-Pb inputs assumed in this model, dust con-
tributes between 5 and 90% of the fraction of seawater Pb
around the ocean (Fig. 10). The influence of dust is at its
highest in the surface waters of the Southern Ocean, where it
contributes up to 90% of the seawater Pb. Although this result
is dependent on the distribution of stable Pb inputs to the
oceans, large inputs of riverine Pb to the Southern Ocean are
unlikely, so the dust-dominated signal seen in the model ocean
is very likely to be a feature of the natural Pb pattern. This
situation is also true in the deep waters of the Southern Ocean,
where eolian Pb makes a lesser but still important contribution
to modeled seawater Pb (Fig. 10). This importance of dust for
large portions of the Pecific is in agreement with the study of
Jones et al. (2000), based on measured dust isotope composi-
tions.

Elsewhere in the model ocean, particularly close to the
assumed riverine inputs, the influence of dust Pbislower but is
never completely swamped by riverineinputs. It seems arobust
conclusion of the model that both dust and riverine sources of
Pb are important in setting the Pb-isotope composition of
seawater. Unless the eolian fraction of Pb sources, assumed to
be 12% for this model, is dramatically in error, both sources
must play a role. This points to the importance of three-
dimensional modeling as a necessary tool to fully understand
the oceanic Pb cycle.

6. STABLE PB ISOTOPES

To assess changes in the distribution of ocean Pb isotopes
during glacia—interglacial cycles, we have assigned each of the
sources of Pb a 2°°Pb/?**Pb on the basis of literature data
(Table 1). This enables calculation of the distribution of 2°°Po/
204pp in the model ocean (Fig. 11) and a comparison of this
distribution with that observed. Severa studies have reported
Pb-isotope data from Mn crust surfaces, and these are expected
to represent the bottom water dissolved Ph-isotope composition
for the ocean before anthropogenic contamination. A collation
of such data provides 151 observations (Chow and Patterson,
1959, 1962; Reynolds and Dasch, 1971; O'Nions et al., 1978;
Abouchami and Goldstein, 1995; von Blanckenburg et al.,
1996). These data are too sparse to enable a full contour map to
be drawn, but the observed 2°5Pb/2°*Pb is plotted as a shaded
point map in Figure 11.

Although the input of stable Pb to the model ocean is
simplified, first-order features in the model 2°°Pb/2°*Pb map
reproduce those observed well. Model values in the northern
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Fig. 10. Model-derived maps of a) surface ocean and b) deep ocean (2000 m) to show the influence of the eolian sources
of Pb on the Pb inventory of seawater. These maps are based on a heavily simplified pattern of Pb inputs to the oceans but
nevertheless provide an indication of the eolian source in controlling the Pb isotope ratio of open ocean waters. Units are
in % of total seawater Pb; a value of 50 means that half of the Pb at that location is from an eolian source.

section of each ocean basin are close to those observed; the
general meridianal structure in each ocean is correct, and the
tongue of high ratios seen across the Southern Indian Ocean is
reproduced. The biggest failure of the model is that it does not
capture observed smaller-scale Pb-isotope variability, particu-
larly in the Southern Ocean. Most particularly, it does not
capture the high 2°°Pb/?**Pb values observed at 130°W. These
values occur where the model predicts that more than 50% of
deep-water Pb is derived from dust. This may reflect fraction-

ation of Pb isotopes during dust transport processes, or a more
complex pattern of source isotope ratios than has been included
in the model. Despite this failing, the ability of the model to
capture first-order features of the global stable-Pb-isotope dis-
tribution is encouraging.

Given this success, the model can be used to assess the
expected sensitivity of the ocean Pb-isotope distribution to
changes in the past environment. We have performed a glacia
simulation via model flow fields optimized for glacial surface
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sdinity (Winguth et a., 1999). Ocean circulation in this model
reproduces the main features of glacial §*C and reduces
NADW by about half, in line with expectations (Winguth et al.,
1999). Pb wasinput to the glacial model from the same sources
and with the same isotope ratios as in the Holocene run. Fluxes
of riverine Pb were maintained at the Holocene level as present
estimates suggest that continental erosion rates did not change
significantly from glacia to interglacial times (Henderson et
al., 1994). Fluxes of eolian materia to the oceans are thought
to have increased significantly, however, and Pb fluxes were
increased to reflect this. The glacial dust field of Andersen et al.
(1998) was used to constrain aerosol Pb input, representing a
1.9 times greater flux than for the interglacial run (Fig. 7).

208pp/29ph remains largely unchanged in the glacial run
close to the riverine inputs (Fig. 11). But further from these
inputs significant changes in ratio are observed, particularly in
the Southern Ocean and the northeast Pacific Ocean. The gla-
cial model demonstrates that even relatively small changes in
boundary conditions can produce significant changes in the
Pb-isotope pattern, as long as a sensitive area of the oceans is
selected. Larger changes in environment, such as changes in
riverine input or circulation changes in response to opening or
closing gateways, are obviously expected to have a greater
effect.

7. CONCLUSIONS

By taking existing data sets for the sources of #*°Pb, a
three-dimensional ocean model is able to predict observed
210py values reasonably well, suggesting that the mode! real-
istically mimics advection and removal of Ph. Collating datain
aglobal model in this way alows globally averaged values to
be calculated for factors that have only previously been as-
sessed on a local or regiona scale. The model suggests that
85% of 2*°Pb input to the global ocean is from 2?°Ra decay,
with only 15% from atmospheric fallout. The global average
residence time for Ph, assessed from the model, is 48 yr. And
by using a previously measured value for the stable-Pb output
flux, the average Pb concentration of ocean water before human
influence is assessed from the model to be 2.2 pmol/kg.

This modeling also allows spatial patterns of stable Pb con-
centration to be assessed. The model suggests that Pb residence
times vary spatially by more than an order of magnitude. This
would increase provinciality of Pb isotopes in the oceans sep-
arated by belts of high productivity with rapid Pb removal.
From arguments that stable Pb is input to the oceans by dust
and rivers, coupled with the fact that modeling suggests largely
irreversible scavenging of Pb, a near-surface maximum in Pb
concentration is expected even in the natura Pb cycle. The
assumption that dust and rivers are the inputs for stable Pb also
leads the model to predict 10 times higher average Pb concen-
trations in the Northern Hemisphere than the Southern Hemi-
sphere, reflecting the larger continental sources in the north.

Finally, the model enables an assessment of which sources
control open-ocean Pb isotopes. Point sources of Pb are ex-
pected to represent only ~10% of the total seawater Pb inven-
tory by the time they are advected from the ocean basin into
which they flow, providing Pb-isotope signals with a suitable
length scale of advection to act as ocean circulation tracers.
From arguments that 12% of the Pb contributed to the oceans

globally comes from dust dissolution, the model suggests that
Pb from dust represents about half of the total Pb inventory for
much of the Southern Ocean. Changes in model boundary
conditions also suggest that Pb isotopes are expected to vary
significantly, even for reasonably minor changes

The limitations of the model presented here are largely due
to poor knowledge of the inputs of natural stable Pb to the
oceans. It is unlikely that such inputs can be directly measured
due to the extreme anthropogenic perturbation of the Pb cycle.
Mn-crust studies of the preanthropogenic Pb isotope distribu-
tion have recently improved, both in spatial coverage and in
analytical precision. It is hoped that the use of three-dimen-
sional models will enable these data sets to be used to recon-
struct preanthropogenic sources of Pb to the oceans. This
knowledge may then fully unlock the potential of Pb isotopesto
provide information about past weathering fluxes and ocean
circulation.
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