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[1] Ocean isotope tracers of intermediate residence time are becoming of increasing importance in studies
of paleo-ocean circulation, global weathering fluxes, and trace pollutant dispersion in ocean basins. While
analytical models exist that predict the way in which conservative tracers are dispersed in ocean gyres, the
lateral movement of reactive tracers has not yet received much attention. Here we present time-dependent
numerical simulations of the lateral mixing process (advection-diffusion-reaction) of reactive tracers with
different residence times in gyres with varying Péclet number, diffusivity, western boundary
intensification, and source geometry. Our main conclusions are that in our model gyre (1)
homogenization of tracer concentrations and also of isotopic ratios in those cases where the isotopes
have different pathways (e.g., atmospherically deposited cosmogenic 10Be, continent-derived 9Be) depends
largely on the residence time and eddy diffusivity and isonly a weak function of Péclet number; (2) western
intensification influences homogenization only in the case of short residence times and large Péclet
numbers; (3) homogenization of isotopic ratios of continent-sourced tracers (e.g., 206Pb/204Pb,
143Nd/144Nd) is favored by high water velocities and hence shallow ocean levels; (4) boundary
scavenging can result in significant lateral redistribution of output fluxes for even very short residence time
tracers (e.g., 230Th) if Péclet numbers are high; (5) the width of source and scavenging regions exerts a
strong control over the actual tracer concentrations, but the spatial distribution and degree of tracer
homogenization is not affected. The space dependence of input and scavenging is applicable to several
reactive isotope tracers such as Be, Pb, Nd, Hf, Th, or Pa. Relative uniformity in their isotope ratios has
been observed by mapping of these tracers in individual ocean basins (von Blanckenburg and Igel, 1999).
Such uniformity would not be necessarily expected since the isotopes concerned enter through entirely
different pathways. The simulations presented here demonstrate that homogenization of such short
residence time tracers in ocean gyres is a feasible mechanism that can account for these observations.
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1. Introduction

[2] Radiogenic and radioactive tracers extracted
from oceanic sediments are being measured with
continually improving levels of analytical sophis-
tication, the results of which are being utilized in
paleoceanography to help understand the history of
ocean circulation and climate change [Yu et al.,
1996; Ling et al., 1997; Christensen et al., 1997].
The currently available means of measuring ex-
tremely low levels of reactive trace elements dis-
solved in seawater allow us to map the extent to
which these elements are dispersed in the oceans
and provide insights into their relative riverine,
hydrothermal, aeolian, or anthropogenic sources
[Schaule and Patterson, 1981; Measures et al.,
1984; Helmers and Rutgers van der Loeff, 1993;
Bruland et al., 1994; Hamelin et al., 1997].
Depending on the particular tracer being consid-
ered, the mechanisms and locations of transfer into
the oceans can be very different. Some areinput
through weathering and erosion of continents (e.g.,
stable Pb, rare earth element (REE), Al, 9Be), some
are of cosmogenic origin (e.g., 10Be, 14C) and are
deposited from the atmosphere,and some are pro-
duced in the water column by in situ decay of U
(230Th, 231Pa, 210Pb). The input in the two latter
cases is spatially more uniform. Despite these vary-
ing sources, observations of isotope concentrations
and ratios reveal a high degree of homogenization in
oceanic basins [Piepgras and Wasserburg, 1980;
Albarède and Goldstein, 1992; Abouchami and
Goldstein, 1995; von Blanckenburg et al., 1996a,
1996b]. Furthermore, evidence from isotopic meas-
urements of dissolved Pb in seawater has shown
that pollutant Pb can be transported to great dis-
tances from its continental sources [Schaule and
Patterson, 1981; Flegal et al., 1986; Hamelin et
al., 1997]. These observations pose the question of
the relevant transport processes. Several mecha-
nisms for the mixing of reactive tracers are
possible. These are (1) homogenization at the
source, (2) interbasin exchange, and (3) lateral
intrabasin dispersion through advection in subtrop-
ical gyres and eddy mixing. The feasibility of these
different mechanisms are extensively discussed in
the work of von Blanckenburg and Igel [1999].

They argue that for some of the reactive tracers,
mechanisms 1 and 2 can be ruled out or are likely
to contribute only marginally to the homogeniza-
tion. Therefore mechanism 3 seems the most likely
to explain the observed distributions.

[3] Mixing of conservative (nonreactive, passive)
tracers in oceanic gyres has been studied in the past
[e.g., Rhines and Young, 1983; Young, 1984;
Musgrave, 1985; Pickart, 1988; Figueroa, 1994;
Richards et al., 1995; Hecht et al., 1995], but the
effects of space-dependent scavenging on the ho-
mogenization of reactive tracers in gyres has had
little attention to date. In order to investigate the
efficiency of mixing of reactive tracers in a simple
model gyre we perform numerical calculations and
study the steady state concentrations observed for
various advection reaction schemes. The space
dependence of tracer input and the range of gyre
velocities and residence times are applicable to
several reactive tracers at various depth levels,
since both the scavenging intensity of tracers and
also water velocity are dominant functions of water
depth. While we are aware of the limitations of our
highly simplified gyre model, this is a first step to
quantify the trends of the various contributing
factors such as Péclet number (thus the relative
effects of velocity of the gyre circulation relative to
eddy diffusivity), western boundary intensification
(asymmetry in the velocity field), residence time
(tracer reactivity, scavenging), diffusivity, and
source geometry, which allows us to discuss the
feasibility of intrabasin mixing in comparison to
other potential mechanisms.

[4] After introducing the physical model and de-
scription of our model gyre we will present several
examples of time-dependent and steady state sol-
utions for various parameter combinations. Mixing
efficiency will be discussed by comparing the final
standard deviation normalized by the mean con-
centration as a function of the variables mentioned
above. The aim here is neither to investigate
accurate analytical solutions to tracer patterns as
those that have been derived for passive tracers
[e.g., Rhines and Young, 1983; Young, 1984;
Musgrave, 1985; Pickart, 1988; Figueroa, 1994;
Richards et al., 1995; Hecht et al., 1995] nor to
present predictive tools for reactive tracer patterns
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that depend on a large number of variables [e.g.,
Henderson et al., 1999]. Rather, we assess the
feasibility of processes that lead to the observed
good homogenization of reactive tracers [von
Blanckenburg and Igel, 1999] and in particular
the effect of such mixing on isotope ratios, which
are becoming an increasingly important aspect of
paleoceanography.

2. Description of the Model

2.1. Theory and Numerical Method

[5] Our physical system can be described with the
two-dimensional time-dependent advection-diffusion-
reaction equation [e.g., Boudreaux, 1997]:

@tC ¼ kð@2
x þ @2

y ÞC � ðvx@x þ vy@yÞC � RC þ p; ð1Þ

where C is the tracer concentration, k is the
(constant) eddy diffusivity, vx and vy are the
components of the velocity field, R is the removal
rate (the inverse of the residence time t, and p is
the input term. The @t denotes partial differentia-
tion with respect to time (or space with subscripts x
and y). Time and space dependence are implicit.

[6] We solve (1) numerically employing the up-
wind-staggered finite difference scheme suggested
by Smolarkiewicz [1983] for the advection term
and follow the approach by Pickart [1988] for the
diffusion term. The time extrapolation is carried
out by a second-order Taylor expansion. A careful
comparison of different advection schemes was
carried out by Hecht et al. [1995], which demon-
strated the accuracy of the algorithm used in our
study. Our numerical method has been successfully
verified against the test solutions by Smolarkiewicz
[1983] for advection and against analytical solu-
tions to the diffusion equation for steady state
problems. The implementation is, in principle,
equivalent to the scheme by Pickart [1988] with
the exception of boundary conditions. Since we are
interested in studying mixing in a closed system,
our boundary conditions impose no flux and no
diffusion across all boundaries by setting the nor-
mal gradient of the concentration to zero. As we
assess the feasibility of certain mixing phenomena
rather than providing accurate predictions, we have
ignored all three-dimensional effects, including
those of seafloor topography. This is an approach
commonly used in two-dimensional gyre studies
for tracer mixing [e.g., Rhines and Young, 1983;
Young, 1984; Musgrave, 1985; Pickart, 1988;
Richards et al., 1995].

2.2. Gyre Geometry, Advection, and Eddy
Mixing

[7] Our model gyre has a domain width of 8000 km
and is discretized on a 200 � 200 grid. This implies
a space increment of 40 km. The velocity field is
described by the Stommel [1948] circulation
scheme, the main parameter being e, the relative
width of the western boundary current. Gyres with
narrow western boundary currents are usually
observed in nature. To assess a lower limit of
cross-streamline flux, in our study we use either a
symmetric gyre (e = 1) or a gyre with relative
boundary width (e = 0.2) unless otherwise stated.
The corresponding stream function and the velocity
field of those two model gyres are shown in
Figure 1. The circulation is clockwise.

2.3. Geometry of Input and Scavenging

[8] The velocities of the gyre are scaled according
to a given Péclet number Pe following the ap-
proach by Richards et al. [1995]. The stream
function is normalized such as to have a maximum
value of ymax = Pe k, where k is the diffusivity. In
all simulations the diffusivity is kept constant at
16,000 km2/a (�5 � 10�6 cm2/s), except in the
section below where the effects of diffusivity on
the final steady state are discussed. This is a
reasonable mean value for eddy diffusivity which
is not a strong function of depth [Ku and Luo.,
1994].

[9] The spatial source distribution depends on the
particular tracer to be modeled. We model two
different source functions for the tracers. One
describes all tracers entering the ocean basins from
the continents by erosion. This continental input
(CI) describes tracers entering the oceans at point
sources by river dissolved or river particulate
matter (e.g., 9Be, Nd, stable Pb) is described by
two bell-shaped Gauss functions on both sides of
the gyre (Figure 2, left) with a half width 500 km in
all simulations except in section 3.3 where the
effect of changing source the half width is evalu-
ated. The center of the Gauss functions is 500 km
away from the boundaries. The source input p is
constant with time p(x,y,t) = p(x,y) with pmax =
1 [1/yr]. The other input is uniform (UI)(e.g.,
cosmogenic 10Be, 14C, 230Th, or 231Pa from U to
in situ decay), and is describedby a constant across
the whole gyre p(x,y) = 1 [1/yr]. The space-
dependent removal (scavenging) is also described
by Gauss functions. The stronger scavenging
observed at the gyre boundaries is accounted for
by centering two Gauss functions at the same
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locations as the input but with increased half width
of 1000 km. An example is shown in Figure 2
(right). In section 3.3 the effect of changing the
scavenging half widths is explored. Throughout the
paper we describe the scavenging by the maximum
tracer residence time tmax, which is the residence
time in the interior gyre. The removal rate R in (1) is
the inverse of the residence time t. In all simulations
the residence time inside the gyre is 10 times larger
than the maximum residence time at the center of
the high scavenging boundary regions, which is in
accordancewithobservations [Andersonet al., 1990;
Lao et al., 1992]. In Figure 2 (right) most of the
gyre is describedbya residence timeof100years, but

in the strong scavenging regions the residence time
decreases to a minimum of 10 years.

[10] Certainly, this physical model for oceanic
advection and reaction of tracers is highly simpli-
fied. However, in order to understand the basic
effects of input and scavenging we chose to keep
the model as simple as possible. Further effects on
the final steady state solutions can be expected
from a number of causes, including (1) interbasin
mixing associated with the global thermohaline
circulation, (2) cross-gyre flux and mixing through
equatorial countercurrents, (3) time-dependent
advection, (4) stress-dependent diffusivity, (5) ver-
tical tracer interaction, and (6) time-dependent

Figure 1. Stream function (dotted lines) and velocity fields (arrows) for the advection schemes used in our
simulations. (left) Symmetric Stommel gyre (e = 1). (right) Western intensification (e = 0.2). The velocity fields are
scaled according to the Péclet number (see text for details).

Figure 2. (left) Spatial dependence of the tracer input for continental input (CI). The eastern and western inputs are
described by Gauss functions with 500 km half width. The E-W cross section is shown along the northern boundary.
(right) Spatial dependence of the removal rate (the inverse of the residence time) in our model gyre. The boundary
scavenging is described by two Gauss functions with half width 1000 km. Inside the gyre the residence times are
10 times longer than the minimum residence time near the boundaries.
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input and scavenging. When observations will
allow constraints on these mechanisms, they can
easily be included into the numerical modeling
scheme, for example, in combination with global
circulation models (GCM) [e.g., Henderson et al.,
1999].

3. Mixing of Uniform and Continental
Input

3.1. Time Evolution of Model Gyre for
Continental Input and Mixing Times

[11] An example of the time evolution of the tracer
concentration for an asymmetric gyre with e = 0.1
is shown in Figure 3, and in two animations

for continental input and uniform input (Movies 1
and 2). The main characteristics of the final steady
state concentration in terms of space dependence are
reached at an early stage (e.g., 50 years) but because
of the continuous input and removal the standard
deviation smwith respect to the mean concentration
still evolves. In this paper we will describe the
mixing efficiency by this measure of the degree of
tracer homogenization sm, the standard deviation
relative to the mean value. Note that the steady state
sm for isotopic ratios is independent of the rate of
input of the individual isotopes, or the isotopic ratios
of the left- and right-sourced tracers. In other words,
sm (c1/c2) = sm [(ac/1)/(bc2)], where c1,2 are the final
concentrations of two isotopes in the system and a,b
are arbitrary positive numbers.

Figure 3. Snapshots of CI tracer concentration at different times. Contour lines, equally spaced between minimum
and maximum, are superimposed. In this simulation the Péclet number is 100, and the maximum residence time is
100 years. This leads to a gyre with an average velocity of 440 km/yr and a maximum velocity near the western
boundary of 2700 km/yr. The circulation is asymmetric (e = 0.1). The domain width is 8000 km. The snapshot shown
in the bottom right corner is the final steady state concentration. Snapshots of tracer concentration are shown every
10 years. Owing to the higher northward velocities at the western boundary the advection away from the source
region is more effective there. The slower velocities at the eastern boundary lead to a maximum in tracer
concentration developing slightly south of the maximum eastern source input. Furthermore, because the two sources
are not centered on the same streamlines (as in the symmetric case) tracers from the western source are advected into
the more internal parts of the gyre. Also, tracers emitted by the western source can escape the high scavenging zones
more easily. At short residence times this improves homogenization.
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[12] An example of the time-dependence ofsm for CI
and UI as well as their ratio are shown in Figure 4a.
The standard deviation sm for CI decreases rapidly at
the beginning of the simulations and is within 10% of
its final value after one (maximum) residence time

tmax. In order to ensure that the system has reached
the steady state all simulations are carried out for five
maximum residence times.

[13] In a further step, we evaluate the time evolu-
tion of sm for CI and the UI/CI ratio along and

Figure 4. (a) Standard deviation (with respect to the mean concentration) as a function of time for continental input,
uniform input and their ratio for Pe = 300, and tmax = 1000 years. The standard deviation sm for CI decreases rapidly
at the beginning of the simulations and is within 10% of its final value after one (maximum) residence time tmax

(1000 years in this example). The sm value for UI increases with time due to the homogeneous input, which is turned
increasingly heterogeneous by the space-dependent scavenging. The time evolution of sm for the ratio (UI/CI) is
basically following the CI case but is increased over CI because of the entirely different spatial distribution patterns of
the two tracers. (b) Same setup as in Figure 4a but showing the evolution of the standard deviation sm along (dashed)
and across (solid line) streamlines. sm across streamlines decreases slowly with time as CI needs to diffuse into the
interior, which is a slow process. In contrast, sm along streamlines decreases rapidly, because advective mixing at the
prescribed Pe of 300 is rapid. Mixing times (defined here as the time at which sm is 10% above the steady state sm)
are also shown by the open diamond symbols. At large Péclet numbers these times are much shorter for mixing along
streamlines than across streamlines. (c) Mixing times for CI tracers as defined in Figure 4b for homogenization across
streamlines as function of Pe for various residence times as shown in Figure 4d. Mixing times across streamlines are
principally a function of residence time (Figure 4c) and are virtually independent of Péclet number. This is because
mixing across streamlines requires diffusion of tracer into the interior, which is limited only by scavenging and hence
residence time. In our definition of mixing time, a longer residence time allows for more and better homogenization,
and as a result, the 10% sm above the steady state sm is reached later the longer the residence time. In our model gyre
these mixing times are roughly twice the residence time tmax. (d) Mixing times along streamlines. Mixing times along
streamlines are a strong function of Péclet number (Figure 4d). This originates from the increased stirring with high
Pe which reduces heterogeneity along streamlines and results in a much more rapid approach to the final steady state
standard deviation.
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across streamlines (Figure 4b). The sm value across
streamlines decreases slowly with time as CI needs
to diffuse into the interior, which is a slow process.
In contrast, sm along streamlines decreases rapidly,
because advective mixing at the prescribed Pe of
300 is rapid. Mixing times are also shown. While
Richards et al. [1995] have calculated mixing time
as the time at which sm reaches 10% of the overall
concentration, such definition is not possible if
scavenging is involved. We have defined a mixing
time here as the time at which sm is 10% above the
steady state sm. At large Péclet numbers these
times are much shorter for mixing along stream-
lines than across streamlines (Figure 4b). Of inter-
est is a general comparison of mixing times across
and along streamlines for various residence times
and Pe numbers. This comparison is presented for a
continental input tracer in Figures 4c and 4d.

Mixing times across streamlines are principally a
function of residence time (Figure 4c) and are
virtually independent of Péclet number. Mixing
times along streamlines are a strong function of
Péclet number (Figure 4d).

[14] Below we will investigate the effects of source
and sink geometry, maximum residence time tmax,
Péclet number Pe, western intensification e, and
diffusivity k on the final steady state sm for CI, UI,
and their ratio. Several simulations were undertaken
with the aim of exploring a wide range of the model
space. First, individual simulation results will be
presented showing the trends, and finally sm as a
function of the various parameters will be discussed.

3.2. Source and Sink Half Width

[15] Young [1984] and Richards et al. [1995] have
shown that tracer distributions are sensitive to the

Figure 5. Steady state UI/CI ratio and resulting standard deviation sm for different source half widths and sink half
widths [Wsource/Wsink]. Simulations have been performed with Pe = 50 and tmax = 100 years. In this setting the effect
of varying source and sink half widths should show most sensitively as the low Pe and short residence times ensure
that CI tracers, after emerging from their source, are not removed too rapidly from the source and sink area. Source
and sink half width are indicated by red and yellow lines, respectively. Contour lines, equally spaced between
minimum and maximum, are superimposed. Note that varying half widths have virtually no effect on the spatial
distribution patterns. The tracer concentrations, however, are strongly affected (not shown). The exploration of sm in
a larger parameter space is summarized in Tables 1a–1c.
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way in which tracers are introduced into the gyre.
We have evaluated this effect by varying both the
source half width (Wsource) and the sink half width
(Wsink) between 100 and 500 km for Péclet numb-
ers of 50 and 200, and open-ocean residence times
tmax of 100 and 500 years. As shown by Richards
et al. [1995], there is a strong effect on actual tracer
concentrations and UI/CI ratios. In general, mean
UI concentrations are reduced by increasing Wsink,
whereas mean CI concentrations increase strongly
with increase in Wsource. Similarly, the UI/CI ratio
is reduced strongly by an increase in Wsource.

[16] In this study the spatial distribution patterns of
tracers and their description by relative standard
deviations sm are of more concern than the actual
concentrations. In Figure 5 the distributions of UI/
CI ratio are shown for various source and sink half
widths. Changing half widths results in very small
changes of spatial distribution, with only modify-
ing Wsource resulting in a small change in sm of the
UI/CI ratio. Standard deviations of CI, UI, and
their ratio as a function of source and sink half
width are summarized in Tables 1a–1c. The prin-
ciple observations are the following: CI standard
deviations are reduced by wider Wsource for short
residence times, are virtually independent of Pe,
and are relatively insensitive to both Wsource and
Wsink at longer residence times. UI standard devia-
tions are reduced by a factor of �4 at tmax of
100 years by reducing Wsink, but this variation is
only a factor of ca. 2 at tmax of �500 years. The

standard deviation of the UI/CI ratio is, in general,
insensitive to changes in both Wsource and Wsink.

3.3. Residence Time and Péclet Number

[17] The final steady state concentration after five
maximum residence times are shown in Figure 6
for CI, UI, and their ratio. The principle observa-
tions are the space-dependent distributions of the
final CI and UI concentrations are almost the
inverse of each other, because the CI input is space
dependent, whereas the initially uniform UI is
scavenged at the same locations. Local heteroge-
neities remain in the low-velocity regime (Pe = 15),
while these heterogeneities are smoothed along
streamlines in the high-velocity regime (Pe =
300). The overall ranges, and hence standard
deviations sm in CI, UI concentrations, and UI/CI
isotope ratios, are similar in both the high- and
low-velocity regime. An increase in the residence
time tmax, however, increases the concentrations
and reduces sm for CI, UI, and their ratio
considerably.

3.4. Western Boundary Intensification

[18] To investigate the effects of western boundary
intensification (WBI) on the mixing, we simulate a
Stommel gyre with e = 1 (Figure 7a), and e = 0.2
(Figure 7b). Pe = 100 and tmax = 100 years.
Homogenization is much better in the case of a
strong western boundary current. As noted already
by Young [1984], this feature is due to the fact that
a strong WBI has a similar effect as increasing the
diffusivity: cross-streamline mixing is easier with
narrow streamlines; also, tracers input into narrow
boundaries are advected more readily into the
interior gyre from narrow boundary currents.

3.5. Horizontal Eddy Diffusivity

[19] Estimates for the horizontal eddy diffusivity k
in the oceans vary over an order of magnitude. In

Table 1a. Standard Deviations as a Function of Source
and Sink Half Width for Continental Input CI

Pe = 50 Pe = 200

Wsource (km) Wsource (km)

tmax (y) Wsink (km) 100 500 100 500

100 100 41% 34% 37% 31%
500 42% 33% 38% 30%

500 100 12% 10% 11% 10%
500 12% 10% 11% 9%

Table 1b. Standard Deviations as a Function of Source
and Sink Half Width for Uniform Input UI

Pe = 50 Pe = 200

tmax (y) Wsink (km) s s

100 100 1.4% 1.6%
500 6.2% 5.8%

500 100 1.4% 1.6%
500 2.3% 2.4%

Table 1c. Standard Deviations as a Function of Source
and Sink Half Width for Ratio CI/UI

Pe = 50 Pe = 200

Wsource (km) Wsource (km)

tmax (y) Wsink (km) 100 500 100 500

100 100 50% 44% 52% 45%
500 56% 49% 59% 50%

500 100 12% 11% 12% 10%
500 14% 12% 14% 12%
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Figure 6. The final steady state concentration after five maximum residence times for (left) continental input (CI),
(middle) uniform input (UI), and (right) their ratio (UI/CI). Simulations are a symmetric gyre (Figure 1, left). Minima
and maxima values of tracer concentration (or their ratio) are given above each graph. Contour lines, equally spaced
between minimum and maximum, are superimposed. (a) Pe = 15 (the mean and maximum velocities in the symmetric
gyre are 69 and 154 km/yr, respectively); tmax = 100 years. The space-dependent distributions of the final CI and UI
concentrations are almost the inverse of each other. The CI concentration is high near the sources and decreases along
the streamlines around the gyre. The UI concentration is minimal in the zones of strong removal which coincide with
the regions of strong CI. Note that these minima and maxima are not in the same location as the maxima of input and
scavenging, but they are (slightly) shifted downstream. The heterogeneity of input and scavenging leads to
considerable variations in concentration across the gyre in the steady state. The final relative standard deviations are
56, 17, and 57% for CI, UI, and their ratio (always UI/CI), respectively. (b) Pe = 15, tmax = 1000 years; all other
parameters have been kept constant. The space dependence looks very similar to the previous case, the final
concentrations and thus the relative standard deviations have changed considerably. Note that the heterogeneities in
the input and scavenging regions are less pronounced. The final sm are 9, 7, and 12% for CI, UI, and their ratio,
respectively. The longer residence time of the tracers has allowed much enhanced homogenization. (c) Pe = 300
(mean velocity of 1390 km/yr and a maximum velocity of 3090 km/yr), tmax = 100 years. The effects of stronger
advection are studied by fixing the maximum residence time to 100 years and setting Pe = 300. This was done by
changing the velocity while keeping k constant at 16,000 km2/yr (�5 � 106cm2/s).The strong advection has almost
completely removed the input and scavenging generated heterogeneity along the near-boundary streamlines seen in
the previous examples. Inside the gyre the concentration isolines follow almost exactly the streamlines, implying
near-perfect mixing along the flow direction. The final UI/CI ratio shows almost no sign of the boundary
heterogeneities observed for low Pe apart from the gradient into the center of the gyre. The final standard deviations
sm are 33, 10, and 34% for CI, UI, and their ratio, respectively. In comparison with the simulation shown in Figures 6a
and 6b (Pe = 15) one can note that although the homogenization has improved along the streamlines, the final
standard deviation is still large compared to the case where the residence time was increased. (d) Pe = 300, tmax =
1000 years. Strong advection is combined with long residence times. The final steady state concentrations and ratio
are almost constant along the streamlines. The final sm are 5.8, 2.5, and 7.9% for CI, UI, and their ratio.
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Figure 7. To investigate the effects of western boundary intensification (WBI) on the mixing we simulate a
(a) symmetric gyre (e = 1), and with (b) western intensification (e = 0.2). Pe = 100 and tmax = 100 years. Steady state
tracer concentration and ratio are shown for (left) continental input (CI), (middle) uniform input (UI), and (right) their
ratio (UI/CI). Minima and maxima are given above each graph. Contour lines, equally spaced between minimum and
maximum, are superimposed. (a) The results for a Strommel gyre with e = 1. The mean and maximum velocities in
the symmetric gyre shown are 460 and 1030 km/yr, respectively. The final standard deviations are 33, 11, and 58 for
CI, UI, and their ratio. (b) The results for a Stommel gyre with e = 0.2. At Pe = 100 this gyre has mean and maximum
velocities of 440 and 1700 km/yr, respectively. Compared to the symmetric gyre the mean velocities are
approximately the same, but the maximum velocity is considerably larger, having its maximum in the western
boundary zone. Because the differences in velocities in the input and strong scavenging region are much higher than
elsewhere, there are stronger gradients along the near-boundary streamlines than in the symmetric case. The region
with small velocities has maximum (CI) or minimum (UI) concentration. The final standard deviations with WBI are
24, 8, and 39% for CI, UI, and their ratio. Thus homogenization is considerably improved in the asymmetric gyre
with WBI.

Figure 8. The dependence of the steady state concentrations on diffusivity. Three simulations were carried out for k =
8000, 16,000, and 32,000 km2/yr (�2.5, 5, and 10 � 106 cm2/s). In all simulations, vmean = 240 km/yr (Pe = 50 for k =
8000 km2/yr); tmax = 100 years. The maxima, minima, and mean values of steady state tracer concentration are shown
for (left) continental input, (middle) uniform input, and (right) their ratio as a function of diffusivity. While the space
dependence and the mean of the final concentrations are almost independent of diffusivity, the range of concentrations
and thus the standard deviation is strongly influenced by it. The final standard deviations for these runs were 61, 40, and
25% (CI); 19, 12, and 8% (UI); and 95, 60, and 35% for their ratio (UI/CI) for the diffusivities mentioned above,
respectively. The range (and thus the standard deviation) decreases with increasing diffusivity.
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Figure 8 we show results from simulations with
diffusivity k = 8000, 16,000, and 32,000 km2/yr
(�2.5, 5, and 10 � 10�6 cm2/s), respectively.
While the space dependence and the mean of the
final concentrations are almost independent of
diffusivity, the range of concentrations and thus
the standard deviation is strongly reduced with
increasing diffusivity. The effects of changing
diffusivity are more pronounced for CI and the
ratio because the diffusion term in (1) depends on
the second space derivatives and thus have stronger
effects in the more heterogeneous CI model.

3.6. CI Tracer Concentrations in the
Interior Gyre

[20] In the previous section we have shown that
under certain conditions efficient tracer dispersion
from the near-continent sources into the interior
gyre can take place, thereby reducing heterogene-
ity. In Figure 9 we show a summary of mean
concentrations in the entire gyre, and also mini-
mum concentrations which would be found in the

interior 2000 km of the gyre. At higher velocities
(Péclet numbers), tracers are removed more effec-
tively from the high-scavenging zones, thereby
increasing concentrations. Higher residence times
also increase interior concentrations. Most impor-
tantly, the minimal concentrations are an indicator
of how much tracer can be transferred from the
boundaries to the interiors. At residence times
shorter than 10 years virtually no tracer escapes
from the margins. At tmax of 20-40 years the tracer
concentration found in the interior is larger than 5–
10% of the mean concentration; at 80 years this is
already about half of the mean concentration.

3.7. Homogenization of CI, UI, and Their
Ratio

[21] To investigate the dependence of the steady
state relative standard deviation as a function of the
parameters described above, several simulations
were undertaken. We show the combined results
as standard deviation in percent of the mean final
concentration in steady state for all simulations in
Figure 10.

[22] For moderate Péclet numbers, sm for CI
decreases as a function of Pe (Figure 10a). For
high Péclet numbers the degree of homogenization
does not depend on the mean velocity of the gyre.
For reasons explained above, western intensifica-
tion has a marked effect at shorter residence times
but much less effect at longer residence times. For
high Pe and short residence times a stronger
western boundary current improves the homogeni-
zation. The final standard deviation in all CI cases
depends strongly on the residence time. The same
general observations hold for the UI models shown
in Figure 10b, with the main difference of smaller
absolute values of sm because of the homogeneity
of the input. The standard deviations of the UI/CI
ratio for all parameters are shown in Figure 10c.
There is less dependence on the Péclet number
compared with the individual isotopes.Mixing of
the UI/CI ratio depends dominantly on the resi-
dence time of the isotopes and at high Pe also on
whether a strong western boundary current is
present.

4. Modeling Mixed Tracer Continental
Input

4.1. Mixed Isotope Sources

[23] We now investigate a different input scaveng-
ing system applicable, for example, to isotopes

Figure 9. Mean CI tracer concentrations and concen-
trations in the interior 2000 � 2000 km as a function of
residence time tmax and two bounding Péclet numbers
(k = 16,000 km2/yr). The interior concentrations give an
indication of the actual tracer amounts that can escape
the margin areas. Runs are for symmetric geometry.
Mean concentrations are a near-linear function of
residence time (in log-log scale). At higher velocities
(Péclet numbers), tracers are removed more effectively
from the high-scavenging zones, thereby increasing
concentrations. Differences between interior concentra-
tions and mean concentrations are large at short
residence times, but this difference decreases as the
residence time increases. This is expected as residence
time exerts the primary control over homogenization.
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such as continental-sourced Pb, Nd, or Hf. We
restrict ourselves to simulating a symmetric gyre
as shown in Figure 1(left). The space dependence of
the scavenging is the same as in the previous
simulations (Figure 2, right). One of the tracers
(from now on denoted as t1) is input with equal
rates (1/yr) from both the eastern and the western
sources, while the other (denoted as t2) is different
for the eastern (1.5/yr) and western (0.5/yr) source.
This ratio remains fixed for all simulations and is
meant to represent input of a tracer with an arbi-

trarily fixed isotopic ratio of 1.5 (east) and 0.5
(west). This could be the ratio of a radiogenic to a
primordial stable isotope (e.g., 206Pb/204Pb). The
spatial source functions are illustrated in Figure 11.

4.2. Péclet Number and Residence Time

[24] Because one of the motivations for these
simulations is to provide insight into the mecha-
nism by which the relatively homogeneous Pb
isotope distributions in the Pacific basin comes
about [von Blanckenburg and Igel, 1999], resi-
dence times tmax the following simulations were
held in the range of Pb (2–150 years). According-
ly, they are shorter than those of the CI-UI models.
In the first example the maximum residence time is

Figure 10. Several simulations were undertaken to
investigate the dependence of the steady state relative
standard deviation as a function of the parameters
described above. The Péclet number varied from Pe = 10
to Pe = 1000, with average velocities ranging from 46 to
4600 km/yr, respectively. The maximum residence times
were allowed to vary from 100 to 1000 years. The only
other setup that changed was the symmetry of the gyre as
described above. The horizontal eddy diffusivity was held
constant at a mean ocean value of 16,000 km2/yr.
(a) Standard deviation for CI, (b) standard deviation for
UI, (c) standard deviation of UI/CI ratio as a function of
Péclet number (mean velocity). Grey areas are examples
for water velocities typical for various depth levels
[Semtner and Chervin, 1992] and maximum open ocean
residence timesfor Be [von Blanckenburg et al., 1996b],
where the observed deep water residence time was scaled
relative to dissolved concentrations at shallower levels).
S, surface; T, thermocline; D, deep water. In reality, tracer
standard deviations will follow certain trajectories
governed by a combination of lateral mixing and vertical
tracer transfer in the water column. These paths have been
explained by von Blanckenburg and Igel [1999]. (a) For
moderate Péclet numberssm forCI decreases as a function
of Pe (or mean velocity). For high Péclet numbers the
degree of homogenization does not depend on the mean
velocity of the gyre. Western intensification has a marked
effectat small residence timesbutmuchlesseffectat longer
residence times. For high Pe and short residence times a
stronger western boundary current improves the homo-
genization. The final standard deviation in all CI cases
depends strongly on the residence time. (b) The same
general observations hold for the UI models shown, with
the main difference of smaller absolute values of sm
because of the homogeneity of the input. (c) For the
standard deviations of the UI/CI ratio, there is less
dependence on the Péclet number compared with the
individual isotopes. Mixing of the UI/CI ratio depends
dominantly on the residence time of the isotopes and at
high Pe also on whether a strong western boundary
current is present.
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2 years in the center of the gyre for a variety of Pe
numbers (Figure 12). Complex isotope distribution
patterns result, which are in some cases completely
decoupled from the source points. Overall, there is
very little homogenization.

[25] For the same circulation schemeas inFigure 12a
(Pe = 10) but a maximum residence time of
150 years, conditions more akin to Pb in deep water,
homogenization is more efficient (Figure 13a). Ad-
vection is now able to carry an isotopic ratio to the
opposite sides of the gyre. It is interesting to note,
however, that these gradients develop in anorth-
south direction, although the differences in input
are east-west aligned.

[26] Near-perfect isotopic ratio homogenization is
attained when Pe = 1000 is combined with tmax =
150 years (Figure 13b). Isotopic ratio heterogene-
ities resulting from the different source inputs are
almost completely smoothed out by mixing along
streamlines, and in the isotopic ratio, only some
fine structure remains with a final standard devia-
tion of only 0.3%, the concentrations attain a much
higher final standard deviation of 28% (t1) and
32% (t2).

[27] The results on both tracer concentration and
tracer isotope ratios of mixed sources are summa-
rized in Figure 14. While the homogenization of
tracer concentrations improves with both residence
time and Péclet number (Figure 14a), homogeni-
zation of isotope ratios are best at high Péclet
numbers (Figure 14b). This is because isotopes
are mixed along the outermost streamlines, such
that the tracers that are available for slow diffu-

sion into the interior consist already of a well-
homogenized isotope blend.

5. Discussion

5.1. Mixing of Continental and Uniform
Input

[28] The following results can be derived from the
individual tracer concentration simulations from
either continental or uniform input:

[29] 1. The final standard deviation sm of concen-
trations depends on the Péclet number for small Pe
values (e.g., Pe < 100). For larger Pe, homogeni-
zation is not improved by stronger advection, and a
finite homogenization sm is attained at a charac-
teristic Pe that is higher the shorter the residence
time. At this characteristic Pe, homogenization
along streamlines is at its maximum for a given
residence time, increasing advective mixing would
not lead to any further improvement. This phe-
nomenon can also be viewed to be equivalent to
systems with input (CI) and/or scavenging (UI) at
all boundaries. In this case the local imprints of the
input locations would have been lost.

[30] 2. While tracer concentrations are sensitive to
the half width of the source (CI) and to the half
width of the sink (UI), the spatial distribution
patterns of tracers and their ratios as characterized
by their standard deviation are relatively insensi-
tive to the geometry of source and scavenging
regions.

[31] 3. Homogenization is improved at short resi-
dence times for a gyre with the same mean velocity

Figure 11. Space dependence of input for mixed source simulations. Half width of the Gauss functions is 500 km.
(left) Input tracer t1, equal amounts from both sources. (right) Input tracer t2, different amounts from both sources.
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and residence times but western intensification
(WBI). For long residence times (>500 years)
the final sm is only slightly affected. This is because
WBI has the same effect as increasing the eddy

diffusivity: enhancing the cross-streamline flux. At
long residence times, eddy diffusion dominates over
this effect. WBI does not influence mixing at
low Pe, because advective transport is too small

Figure 12. Experiments simulating the input of Pb, Nd, or Hf with mixed isotope ratios for tmax = 2 years. This
ratio remains fixed for all simulations and represents input of a tracer with an arbitrarily fixed isotopic ratio of 1.5
(east) and 0.5 (west). Steady state tracer concentration and ratio for continental input from tracer (left) t1, (middle) t2,
and (right) their ratio (t2/t1) for a symmetric gyre (Figure 1, left). Minima and maxima values are given above each
graph. White corresponds to the maximum concentration and black to minimum concentration. Contour lines, equally
spaced between minimum and maximum, are superimposed. (a) The maximum residence time is 2 years in the center
of the gyre. The Péclet number Pe = 10 with an average velocity of 46 km/yr. Owing to the short residence time and
the small velocities only a very small fraction of the mixtures is able to leave the source region. Therefore there is a
strong E-W gradient of the ratio. (b) Increasing the Péclet number to 215 while tmax = 2 years results in an average
velocity of 990 km/yr and the maximum velocity in the source region of 2200 km/yr. Advection is now strong enough
to transport the mixtures away from the source regions. Near the center of the gyre a type of fingering occurs. The
mixtures from both sources seem to spiral around the center of the gyre while they are obstructed at the eastern and
western boundaries. The reason is that in the center of the gyre the residence times are 10 times longer than in the
strong scavenging regions on both sides (see Figure 1, right). Therefore, even though the velocities are small near the
center of the gyre, owing to the longer residence time the mixtures are advected around the gyre near its center
leading to heterogeneities in the cross sections through the center of the ratios (Figure 12b, right). The final standard
deviation for the ratio is 48%, thus almost no mixing occurred. In this setup, 50% standard deviation corresponds to
the absence of any homogenization. (c) Pe = 1000 with mean velocity 4600 km/yr and maximum velocity 10,000 km/yr
while tmax = 2 years as in the previous simulations. These velocities would by typical of surface water. Because of the
much longer residence times inside the gyre, fingering occurs leading to the heterogeneities for the isotope ratios seen
in the center of the gyre, while the individual absolute tracer concentrations are very small. The final standard
deviation is 30%.
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to have a significant effect regardless of the
geometry.

[32] 4. Homogenization for all Péclet numbers
depends strongly on the residence times. Longer
residence times lead to better mixing. This is
because scavenging effectively counterbalances
slow diffusive homogenization, which is required
for moving tracers from their sources into the
interior gyre. This is also evident from the mixing
times (the time required for the tracer to reach the
final steady state standard deviation) which is inde-
pendent of Pe number for mixing across streamlines
and is higher the longer the residence time.

[33] 5. Changing the horizontal eddy diffusivity
has almost no effect on the space dependence and
the mean of steady state tracer concentration, but
the final sm is smaller for increased diffusivity.
Diffusivity smoothens the final tracer distributions
in regions of strong gradients thereby reducing sm.

[34] 6. The relative amounts of CI tracer transferred
from the boundaries into the interior gyre is a

function of residence time in the case of the sym-
metric gyre. If tmax is greater than 20 years, appre-
ciable amounts of tracer can arrive in the central gyre.

[35] For the ratio of uniform to continental input
the same observations hold with one exception:

[36] The UI/CI ratio is almost independent of Pe
for moderate to high Pe. The explanation for this
phenomenon is that regardless of the degree of
advective homogenization, which mainly acts to
remove boundary heterogeneities and produces
homogenous concentrations along streamlines, the
actual spatial distributions of CI and UI remain
almost accurate inverse images of each other. Then
to form the ratio UI/CI, for example, a high UI
concentration is always divided by a low CI
concentration and vice versa, resulting in a large
range of ratios and hence a large standard
deviation. To reduce ratio heterogeneity, diffusive
smoothing of the inverse distribution is necessary.
As noted above, this is favored by long residence
times.

Figure 13. Steady state tracer concentration and ratio for continental input from tracer (left) t1, (middle) t2, and
(right) their ratio (t2/t1) for a symmetric gyre (Figure 1, left) for tmax = 150 years. These residence times are akin to
those of Pb in deep water. Minima and maxima values are given above each graph. (a) Pe = 10, tmax = 150 years.
Homogenization is more efficient than in the low-t case (Figure 12). Advection is now able to carry an isotopic ratio
to the opposite sides of the gyre. Because of the low velocities strong gradients of the ratio persist. It is interesting to
note, however, that these gradients develop in a north-south direction, although the differences in input are east-west
aligned. (b) Pe = 1000, tmax = 150 years. Near-perfect isotopic ratio homogenization is attained. The contour lines of
the final concentrations are almost identical to the streamlines, but strong concentration gradients remain
perpendicular to streamlines. This is expected because cross-streamline mixing is by tracer diffusion of which
the extent is limited by scavenging. Hence, although isotopic ratio heterogeneities resulting from the different
source inputs are almost completely smoothed out and in the isotopic ratio only some fine structure remains with a
final standard deviation of only 0.3%, the concentrations attain a much higher final standard deviation of 28% (t1) and
32% (t2).
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[37] As a practical example, typical ranges for Be
scavenging residence times and water velocities as
a function of depth are shown by the gray areas in
Figures 10a-10c. In this case, cosmogenic 10Be
would be represented by UI, and continental-
sourced 9Be by CI. These show that a relative
standard deviation in 10Be/9Be of 10-20% can be
achieved with our model gyre in deep water and in
the thermocline but that also surface waters can
reduce the heterogeneity to 30%. In practice, tracer
homogenization will be governed by incremental
steps of lateral mixing followed by transfer of
tracers into a deeper level. These trajectories have
been explained by von Blanckenburg and Igel
[1999].

5.2. Homogenization of Mixed Sources

[38] The simulations for mixed sources have been
carried out for shorter residence times to be com-
patible with the Pb isotope observations. The
results shown in Figure 14 show that for a tracer
input at both sides, small Péclet number and short
residence time almost no homogenization occurs.
This is not surprising as the tracers are hardly
escaping the strong scavenging input region. In
principle, the same observations (1–5) mentioned
above hold for these simulations. However, the
isotope ratio (Figure 14b) shows dependence of sm
on Pe even for large Péclet numbers. For short
residence time (2 years) and low Péclet number
(Pe < 300), basically no homogenization occurs
because the tracers are unable to escape the input
region. For longer residence times, homogenization
of the ratio of the tracers depends strongly on Pe
and hardly on residence time.With strong advec-
tion, homogenization is almost perfect for long
residence times. The tracer sources are located
within the outermost streamlines, which ensures
rapid mixing of these tracers immediately as they
enter the oceans. Inward diffusion of these CI
tracers, required to homogenize concentration, will
have no significant effect on isotopic ratio homog-
enization as advective mixing along streamlines
has produced an already highly homogenized
blend.

Figure 14. Standard deviation for the mixed source
simulations for (a) tracer t2 (input as Figure 10, right)
and (b) ratio t2/t1 as a function Péclet number (mean
velocity). For a tracer input at both sides, small Péclet
number, and short residence time, almost no homo-
genization occurs (Figure 14a). This is because tracers
are hardly escaping the strong scavenging input region.
However, the isotope ratio (Figure 14b) shows depen-
dence of sm on Pe even for large Péclet numbers. For
short residence time (2 years) and low Péclet number
(Pe < 300), basically no isotope homogenization occurs
because the tracers are unable to escape the input region.
For longer residence times, homogenization of the
isotope ratio of the tracers strongly depends on Pe and
hardly on residence time. Inward diffusion of these CI
tracers, required to homogenize concentration, will have
no significant effect on isotopic ratio homogenization as
advective mixing along streamlines has produced an
already highly homogenized blend. The gray areas are
examples for dissolved Pb at velocities typical for
various depth levels [Semtner and Chervin, 1992] and
residence times (2 years in surface water, 20–40 years
in thermocline water, 80 years in deep water [Schaule
and Patterson, 1981]).
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[39] The gray areas (Figure 14) show typical Pb
residence times and velocities for different vertical
sections in the oceans. Homogenization is most
efficient in thermocline waters. In the thermocline
water, velocities are high, while t is 20–40 years
[Schaule and Patterson, 1981], a model standard
deviation of ±10% can be achieved, similar to that
observed in nature [von Blanckenburg and Igel,
1999]. Better homogenization in both concentra-
tion and isotopic composition is expected for the
case of dissolved Nd, because its residence time is
much higher (�2000 years).

5.3. Boundary Scavenging and Deposition
for Uniform Input

[40] Boundary scavenging is the process that
results in deposition of particle-reactive chemical
tracers in ocean margin sediments at a much
greater rate than their average rate of deposition
over the interior ocean [Bacon, 1988]. In our model
we have implicitly incorporated boundary scaveng-
ing by a tenfold increase of the tracers removal rate
in boundary regions over that of the rest of the
basin (Figure 2). In Figure 15 we illustrate controls
on the tracer depositional flux in an east-west
section through the gyre. The tracer input is uni-
form over the entire basin area as shown by the
straight solid line. High residence times (tmax =
1000 years; e.g., 10Be, Figure 15a) favor transport
of tracers from the interiors to the high scavenging
zones. This transport results in a deficit of deposi-
tion in the interiors, and a sevenfold increase of
deposition over production at the margins. Such
patterns were qualitatively predicted for 10Be
[Anderson et al., 1990], and also observed in
Holocene sediments [Lao et al., 1992]. The inte-
grated rate of deposition in the east-west section is
higher than production. This is because tracers are
advected into the boundary zones from areas lo-
cated further to the north or south. For long t,
such behavior is similar for all Péclet numbers
(Figure 15a). Figure 15b shows a case of interme-
diate residence time (tmax = 100 years; e.g., 231Pa,
210Pb). The overall pattern is similar to that of tmax =
1000 years, but the deficitin the interior is smaller;
also, the boundary deposition is reduced at low
Péclet numbers. At short residence times (tmax =
10a; e.g., 230Th, Figure 15c) the magnitude of
depositional flux is a strong function of Péclet
number. Although for such short t transport length
scales are commonly assumed to be limited and
hence the depositionalflux is expected to be more
or less uniform, the patterns shownin Figure 15c
show that this is the case only for a low-velocity

Figure 15. Depositional flux for UI tracers for various
Pe and residence times along an east-west section
through the gyre. The marginal sites of high deposi-
tional flux are those of enhanced scavenging. The thick
solid line shows the input flux (1/yr).
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regime. At higher Péclet numbers, deposition
shows a strong pattern of boundary scavenging
which is similar to that of Pa or Be.

[41] These model results have implications for the
procedure by which depositional fluxes of longer t
tracers are derived from their concentrations in the
sediment by normalizing them to the flux of 230Th,
which is assumed to be constant [Lao et al., 1992].
Henderson et al. [1999] have demonstrated that
this assumption is not necessarily valid in all areas
of the oceans and have calculated in a global
circulation model a potential excess in 230Th de-
position over production of a factor of 1.6 is
possible. Our simulation shown in Figure 15c
demonstrates a possible sevenfold excess in 230Th
deposition over production for the high Péclet
number regime.While the overall magnitude of
230Th boundary scavenging will not be as large
as in our strongly advective regime, because most
of the 230Th is produced by in situ U decay deep in
the water column where Péclet numbers are low,
the case demonstrated, nevertheless, confirms that
this procedure can result in serious underestimation
of these inferred fluxes in boundaryzones with
strongly advective regimes.

6. Conclusions

[42] Our results suggest that homogenization of
tracer concentrations and also of isotopic ratios of
uniform input (e.g., 10Be) to continental input (e.g.,
9Be) in our model gyre depends mainly on the
residence times of these tracers. For nutrient-type
elements the residence time is greatest at depth.
Observations on the lateral and vertical distribution
of Be isotopes show that the 10Be/9Be ratio is most
poorly homogenized at the surface and best
homogenizeḋat depth [von Blanckenburg and Igel,
1999], which is in accordance with these predic-
tions. Isotopic ratio homogenization of tracers with
continental point sources depends mainly on water
velocity. Because water velocities are high in
surface and thermocline waters circulating gyres
will contribute considerably to isotopic homogeni-
zation of natural or pollution Pb. Homogenization
will improve successively if these tracers are trans-
ferred to depth, for example, by reversible ex-
change with sinking particles. In contrast,
isotopic tracers that are injected locally into deep
water, for example, by import from other ocean
basins through the thermohaline circulation, will
generate isotope distributions that are much less
homogenized owing to low advection than they
would be if these tracers were injected near surface.

Observations from Nd isotopes in Pacific Antarctic
Bottom Water, for example, are distinct from
surrounding water masses [Albarède and Goldstein,
1992]. Continent-sourced tracers can reach the
interiors of large gyres if their open-ocean
residence time is at least 20 years. As this is even
the case for some of the most reactive elements in
thermocline water, there is a feasible pathway for
enriching the interior oceans in trace metals even if
other pathways (eolian sources, hydrothermal
fluids) are not available.The importance of these
results lies in the fact that we now have a frame-
work within which these different pathways may
be identified from oceanographic observations.
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