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[1] Mid-ocean ridge basalts (MORBs) exhibit relatively uniform and depleted rare earth
element concentrations compared with ocean island basalts (OIBs). Previous researchers
have focused on long-term (billion-year timescale) preservation of an enriched and
heterogeneous OIB reservoir within the convecting mantle. Such studies commonly
conclude that the OIB reservoir must exist in an area which remains isolated from
convection, i.e., D00. Here we investigate the maintenance of MORB reservoir
homogeneity over shorter timescales in the face of vigorous upper/lower mantle mass
exchange (deep subduction), which may be due to two effects: (1) a high-viscosity lower
mantle and/or (2) chaotic mixing due to toroidal flow generated by surface plate motions.
We explore this conceptual model using three-dimensional spherical numerical models
that include surface plate motions, radial viscosity variation, and a geophysically plausible
model of mantle density contrasts. A correlation dimension method is used to characterize
mixing of passive tracers. For a uniform viscosity mantle the upper and lower mantles
mix on essentially the same timescales. A factor of 100 viscosity contrast results in a
relative mixing time for the lower mantle only �30–60% longer than that of the upper
mantle. Therefore neither a strong viscosity contrast nor toroidal mixing significantly
affects the relative mixing times of the upper and lower mantle. We conclude that return
flow from the lower mantle is of similar (depleted) composition and that the depleted
MORB source reservoir constitutes most of the mantle, except for a convectively isolated
OIB source region at the base of the mantle. INDEX TERMS: 8124 Tectonophysics: Earth’s

interior—composition and state; 8120 Tectonophysics: Dynamics of lithosphere and mantle—general; 1025

Geochemistry: Composition of the mantle; 1010 Geochemistry: Chemical evolution; KEYWORDS: mantle

mixing, core mantle boundary region

1. Introduction

[2] The trace element geochemistry of basalts that erup-
ted in the world’s oceans provides information about the
structure and dynamics of the Earth’s interior. Basalts that
erupted at mid-ocean ridges (MORBs) sample the upper
mantle and have a relatively uniform isotopic signature
[Hofmann, 1997]. The isotopic signature of MORBs also
suggests that the upper mantle is well mixed and homogen-
ized on timescales of the order of a few hundred million
years [DePaolo, 1988]. Ocean island basalts (OIBs) are
thought to sample the deep mantle since they are most
commonly associated with mantle plumes ascending from
the bottom of the mantle [White, 1985]. Furthermore, the
isotopic signatures of OIBs are highly varied in composition
and have been interpreted to be 1 to 2 Gyr old.

[3] A conventional interpretation of these geochemical
data is that there are a number of distinct reservoirs, of
which we focus on two: a shallow, homogeneous reservoir
that is the source for MORB magmas and a deeper,
heterogeneous reservoir that is the source for various OIB
magmas. However, seismic tomography indicates that stir-
ring driven by plate subduction occurs over most of the
depth of the mantle [Grand et al., 1997; van der Hilst et al.,
1997; Karason and van der Hilst, 2000], so the persistence
of these two reservoirs is puzzling. The most common
approach to understanding this paradox has been to attempt
to estimate the mixing rate of the mantle over long time-
scales (billions of years). Some studies have suggested that
large portions of the mantle cannot remain isolated due to
viscosity stratification over the lifetime of Earth [van Keken
and Zhong, 1999]. This aspect of the paradox may be
explained by a geochemical reservoir at the bottom of the
mantle, such as D00, that is isolated from stirring by whole
mantle convection. However, the remaining aspect of the
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paradox has received far less attention: Why does a homo-
geneous reservoir persist at the top of the mantle if stirring
occurs over the full depth of the mantle?
[4] A model of the mantle flow that is sufficiently layered

to prohibit mass exchange between the upper and lower
mantle can account for very rapid homogenization of the
upper mantle while material in the lower mantle remains
isolated for very long timescales [Richter et al., 1982].
However, a strictly layered model of the mantle appears
to be in conflict with seismic tomography. Here we consider
an alternative whole mantle model in which a mechanism
exists to stir the shallow mantle much more quickly relative
to stirring of the deeper parts of the mantle [Gurnis and
Davies, 1986a; Davies and Richards, 1992]. Differential
mixing of the upper and lower mantle might allow for
different regions of the mantle to become relatively more or
less mixed without requiring two layers in the mantle that
convect separately. Two effects thought to be important for
this differential mixing are (1) an increase in viscosity with
depth and (2) toroidal flow concentrated in the uppermost
mantle due to surface plate motions.
[5] Geophysical observations of the geoid [Richards and

Hager, 1984], postglacial rebound studies [Mitrovica and
Peltier, 1995], and the relative fixity of hot spots [Gurnis
and Davies, 1986b; Richards, 1991] suggest that the lower
mantle viscosity is at least 1 to 2 orders of magnitude more
viscous than the upper mantle. Poloidal flow is represented
by divergent and convergent flow at mid-ocean ridges and
subduction zones, respectively, and is the main component
of flow driven by plate tectonics. However, toroidal flow is
generated as well by transform faults, oblique subduction,
and plate ‘‘spin.’’ This toroidal flow component, an effect
which cannot be accounted for in two-dimensional (2-D)
geometries, is known to enhance stretching by producing
chaotic particle trajectories [Ferrachat and Ricard, 1998].
Chaotic particle trajectories can be produced by both a
steady flow in 3-D geometry or a time-dependent flow in
2-D geometry (where time is the third dimension required
for chaotic flow). Since both plate-motion-generated toroi-
dal flow and the lowest mantle viscosity are concentrated
near the surface, the greatest stretching efficiency will occur
in the uppermost mantle.
[6] Thus we seek to answer a straightforward question:

Can whole mantle flow with (1) depth-dependent viscosity
and (2) toroidal flow generated at the surface by plate
motions generate such enhanced mixing in the upper mantle
that the upper mantle will retain a relatively homogenous
composition in the face of whole mantle convection? Put
another way, can heterogeneities brought into the upper
mantle be mixed almost instantaneously while mixing in the
lower mantle occurs at a much slower rate?
[7] To illustrate why different degrees of heterogeneity

may occur in the upper and lower mantle, we first consider a
simple thought experiment in which there are two boxes of
different composition. We assume for simplicity of argument
that mixing occurs only in box A and that we can control
both the mixing rate and the mass exchange rate with box B.
We can define two timescales: tr is the residence time of
material in box A and can be approximated as the mass of
box A divided by the mass exchange rate between boxes A
and B, and ts is the inverse of the stretching rate, represent-
ing the mixing time for box A in isolation.

[8] We now consider the end-member possibilities. If the
stretching time is much smaller than the residence time, then
material that flows into box A is homogenized quickly and
box A can remain homogeneous and compositionally dis-
tinct from box B. If, instead, the residence time is much
smaller than the stretching time, there is perfect communi-
cation between the two boxes and they will quickly take on
a mean composition. Here we seek to determine how whole
mantle flow associated with plate motions may behave in
terms of this simple conceptual framework with box A as
the upper mantle and box B as the lower mantle.

2. Quantification of Mixing

[9] At the present time, studies are limited to character-
izing mantle mixing from a fluid dynamic perspective by
using a proxy method. A typical proxy method employs
only a modest number of tracers to characterize mixing in
3-D or 2-D Cartesian geometries. Proxy methods used in
previous studies include tracers as strain markers to char-
acterize the stretching efficiency of the entire fluid with only
a small number of trajectories [Kellogg and Stewart, 1991;
Christensen, 1989], tracers used in a material line formula-
tion [Gurnis, 1986], dividing the region into boxes and
counting the number of boxes which contain a given
number of tracers [Schmalzl et al., 1996; Christensen,
1989; Ten et al., 1997], spectral analysis [Olson et al.,
1984], attempting to resolve numerically an interface
between two fluids [Ten et al., 1996], and asymptotic
methods adapted for use in mantle convection in which
only a finite number of overturns occur [van Keken and
Zhong, 1999; Spence et al., 1988]. In a case such as the
present study, in which tracers are advected through a
chaotic flow, methods that rely upon the actual trajectories
of individual tracers may be unreliable [Metcalfe et al.,
1995]; however, it is still possible to use a modest number
of tracers to successfully characterize mixing.
[10] To quantify mixing, we have adopted the correlation

dimension method [Schmalzl and Hansen, 1994] which
employs a modest number of tracers and has many advan-
tages over other methods. Aside from the fact that some of
the other methods can only be used in a 2-D geometry, the
correlation dimension method has two main advantages: (1)
We can quantify mixing separately for the upper and lower
mantle, and (2) this method gives information about the
degree of mixing as a function of length scale. The mini-
mum resolvable length scale depends upon the number of
tracers used. The number of calculations required to
describe the correlation dimension of each tracer distribu-
tion scales as the square of the number of tracers.
[11] The correlation function H(r) is defined as the num-

ber of pairs of tracers separated by a distance that is less than
a length scale r. If H(r) is approximated as H(r) = ra, the
exponent a is defined as the correlation dimension. This
exponent is essentially the slope of the correlation function
when it is plotted on a log scale. The correlation dimension
provides information on the dispersion of the tracers. The
tracers begin as a point source at time t = 0 and asymptoti-
cally evolve toward a random distribution at t = 1, when
the blob has been homogenized. The more the tracers have
been dispersed throughout the volume, the larger the
correlation dimension. For length scales very small com-
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pared with the size of the spatial domain of interest the
correlation dimension of a random distribution of particles
approaches a value of 2 in two-dimensional geometry and
a value of 3 in three dimensions. However, for length
scales approaching the domain dimension (which are of
interest in this study) the correlation dimension for a
random distribution decreases with increasing length scale
(see discussion of Figure 2, section 4). The length scale
equal to the size of the box is always the last length
scale to reach the completely mixed limit.

3. Description of Models

[12] We use a 3-D spherical model of mantle flow,
TERRA [Baumgardner, 1985; Bunge and Baumgardner,
1995; Bunge et al., 1997], as a numerical fluid dynamical
laboratory to investigate mixing in three fluid dynamic
models incorporating increasing degrees of realism in
simulating plate-scale flow. The first model has a mantle
of constant viscosity with flow driven only by imposed
surface velocity boundary conditions, which are those of the
present-day plate motions. The second model is the same as
the first but with a viscosity that increases with depth. The
third model includes plate motions and the viscosity con-
trast of the second model but includes flow driven by
internal density heterogeneities due to subduction, com-
monly referred to as a ‘‘slab model’’ [Ricard et al., 1993;
Lithgow-Bertelloni and Richards, 1998]. None of these are
actually mantle convection models since heat transport does
not directly enter the calculations. We are instead treating
simpler models that can be used to systematically inves-
tigate the effects of surface plates and depth-dependent
viscosity on differential mixing times of the upper and
lower mantle, the most important simplification being that
plate-scale flow dominates mixing in the mantle.
[13] In the first two models we use TERRA to solve the

governing equations of mass and momentum conservation
subject to the imposed surface plate motions. A confined
tracer cloud is inserted into the numerical model, analogous
to adding a drop of dye into a tank of fluid. The tracer cloud
is inserted near the surface in the instantaneous mantle
velocity field. To account for the fact that the imposed
surface plate motions will result in chaotic streamlines and
therefore a strong sensitivity to initial tracer positions, tracer
clouds are inserted at 10 equally spaced locations on the
surface of the sphere, and all results presented represent an
average of those 10 starting positions. These positions are,
for convenience, the equidistant centers of the regular
icosahedron from which TERRA’s finite element grid is
generated [Baumgardner, 1985].
[14] The first model has a constant dynamic viscosity

mantle of 1021 Pa s (the absolute value of viscosity is
irrelevant for plate-driven flow), and flow is driven only by
present-day surface plate motions. The bottom boundary
condition is free slip. There is no barrier of any kind to flow
between the upper and lower mantle. This is a minimalist
model for mixing, as we do not account for the time
variation of plate motions or any subplate-scale modes of
convective flow that may occur beneath the plates. Motions
imposed by the surface plates cause only limited stirring,
and many overturns are required for efficient stirring. The
second model is the same as the first but with the addition of

a depth-dependent viscosity hLM = 100hUM in order to study
the effects of concentrating stirring (higher strain rates and
toroidal flow) in the shallow mantle. The viscosity in the
lower 2000 km of the mantle is 1023 Pa s, although again,
only the viscosity contrast is relevant, not the absolute
value. The viscosity increases smoothly with depth begin-
ning at the top of the transition zone (400 km) and reaching
the full increase at �1000 km depth.
[15] The third model includes both features of the pre-

vious model and includes internal buoyancy forces arising
from the density heterogeneities associated with a history of
subduction. A small and insignificant difference is that plate
motions are those driven self-consistently by the internal
density field, which are only slightly different from those
observed [Lithgow-Bertelloni and Richards, 1998]. This is a
somewhat different viscosity structure than those of Lith-
gow-Bertelloni and Richards, which had a factor of 30
increase as a step function. These density heterogeneities
generate much smaller scale flow, resulting in much more
efficient stirring throughout the mantle. Although this is
clearly a more realistic model, the resultant velocity field
through which tracers are advected is still steady. Thus our
models may greatly underestimate absolute mixing rates.
However, time-dependent flow probably would not affect
the relative mixing rates of the upper and lower mantle,
which is the main issue in question in this study.
[16] The particle tracers are advected via a second-order

Runge-Kutta method. The accuracy of the velocity field is
dependent upon the resolution of the computational mesh.
TERRA employs linear shape functions to represent the
velocity field in its multigrid finite element treatment, so
that second-order interpolation of the velocity field is all
that is warranted. For the constant viscosity model the
resolution at the surface was 250 km between grid points
horizontally and 180 km between grid points radially. For
the models with layered viscosity the resolution at the
surface was 125 km between grid points horizontally and
90 km between grid points radially. The velocity field is
resolved with 125-km grid point spacing since very similar
tracer evolutions and resulting correlation dimensions are
obtained with the 250-km resolution. The error in tracer
position for one revolution around the equator is �2.0 �
10�5 or �8-km cumulative error for 20 mantle overturn
times. Such errors are negligible for the mixing length
scales considered below and are similar to errors found in
3-D Cartesian models of similar resolution [Tackley, 1998].

4. Results

[17] In Figure 1 a representative evolution of tracers is
shown for the kinematic case with constant (Figure 1a) and
depth-dependent viscosity (Figure 1b). Tracers are colored
to indicate their depth in the mantle relative to other tracers
in the distribution. Tracers closest to the surface of the
mantle are dark blue, and tracers closest to the core-mantle
boundary are red. The core-mantle boundary depth is shown
as an orange surface. The initial point source is a cluster of
1352 tracers (a number chosen for convenience in the
numerical code) distributed evenly within a small blob of
radius 125 km. At the model time shown in Figure 1 the
cluster is stirred to the point of having large ribbon-like
structures, while a few tracers are dispersed into the larger
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volume. We observe that these features are equally present
in both the upper and lower mantle regions. In Figure 1a the
only source of mantle stirring is the imposed surface plate
motion field (note in Figure 1b the viscosity increase is a
factor of 30, which is different from the viscosity increase
factor of 100 described in the models and presented in the
correlation dimension results that follow).
[18] Since the same surface-velocity boundary condition

drives flow in all the models, one is able to compare the
absolute mixing times between models that have different
viscosity structures. For example, when one compares the
same model time for different cases as in Figure 1a (con-
stant viscosity case) and Figure 1b (layered viscosity case),
similar amounts of total strain occur in both, but the strain is
partitioned differently between the upper and lower mantle.
[19] The nature of stirring caused by the surface motions

is best seen in Figure 1b, which shows the evolution of a
tracer cloud in a purely kinematic model with a viscosity
increase. The plate-scale flow causes the point source to
become streaked into large ribbon-like structures, which
follow streamlines associated with the large overturning
motion. Blue tracers in the far left of the image are part
of a ribbon structure that encounters a region of enhanced
stirring in the shallow depths of the mantle. This region of
enhanced stirring is due to a relatively large toroidal
component of the plate motions above. Individual tracers
follow paths slightly different than the streak as a whole, as
they are dispersed from the ribbon-like structure into a
distribution similar to that of a cloud.
[20] This ribbon-like state of dispersion created while the

tracers are near the surface is largely preserved by the high-
viscosity lower mantle. Such an effect has occurred for the

red tracers in the ribbon-like structure just above the core-
mantle boundary in the top left portion of Figure 1b. At an
earlier model time in the evolution of the ribbon (not
shown) that part of the ribbon was near the surface and
the tracers were dispersed. Figure 1 illustrates that as
expected, surface motions cause stirring concentrated in
the upper mantle. The more viscous lower mantle stirs at
a much slower rate, largely preserving structures in the state
to which they are stirred in the upper mantle.
[21] Before discussing the correlation dimensions

obtained in the model experiments we first examine the
effective resolution of our method with respect to the
number of tracers employed in the calculations. Figure 2
shows the correlation dimension versus length scale
obtained from random distributions of 1352, 10,000, and
50,000 tracers within our spherical shell mantle model. At
very small length scales the correlation dimension
approaches a value of 3 as expected (see curve for 50,000
particles). For length scales of the order of 2000 km or more
the correlation dimension appears fairly well resolved even
for only 1352 tracers. This is a sufficient minimum hori-
zontal length scale for addressing the relative mixing
characteristics of the upper and lower mantle (obviously,
the more tracers the better, but in the models discussed in
section 3 we were limited by computational resources to
single model runs with 1352 tracers each). For comparison,
the correlation dimension for 50,000 particles in a (Carte-
sian) cube of comparable volume is also plotted. Comparing
this with the spherical shell result for the same number of
particles emphasizes that the ‘‘notch’’ in the spherical shell
curve is a feature expected in Earth models that approach a
well-mixed state. Note again that the correlation dimension

Figure 1. Snapshot of tracer evolution after 3.0 Gyr for (a) a constant viscosity case and (b) a layered
viscosity case. In the layered case the lower mantle is 30 times the viscosity of the upper mantle. Color
indicates the depth of a tracer relative to all the other tracers in the distribution. Blue tracers are nearest to
the surface, and red tracers are closest to the core-mantle boundary. The reference surface shown is at the
depth of the core-mantle boundary. The differential mixing effect is seen clearly in Figure 1b, where the
leftmost ribbon-like structure is being destroyed by the presence of toroidal flow near the surface. See
color version of this figure at back of this issue.
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for wavelengths greater than �1000 km are significantly
less than 3 for random distributions in both Cartesian and
spherical shell geometry.
[22] We now proceed to quantify our model results in

terms of the correlation dimension. Figure 3 shows the
evolution of the correlation dimension of a tracer cloud over
time for the kinematic case with constant viscosity. Each
curve actually represents an average over 10 equally spaced
clouds, as discussed in section 3. Again, only correlation
dimensions for length scales of �2000 km or more are well
resolved. The top curve shown is the completely mixed
limit, which is the correlation dimension for the entire
mantle filled with a random distribution of tracers (using
the same number of tracers as used in the models). As
expected, the correlation dimension increases with time for
all length scales, and given a long enough time, the initial
point source tracer distribution becomes indistinguishable
from a random distribution. The kinematic model shows
that surface plate motions alone are capable of homogeniz-
ing an initial point source. The actual times given in Figure 3
may have little direct relevance to Earth, but they describe
the evolution of a tracer cloud in a viscous spherical shell
with flow entirely driven by a constant (in time) surface
plate velocity boundary condition.

4.1. Kinematic Flow With Constant Viscosity

[23] Figure 4a shows the correlation dimension at 1.5 Gyr
for both the upper and lower mantle for the constant viscosity
model of kinematic flow driven by the surface velocity
boundary condition of the present-day plate motions. The

distribution of the initial tracer cloud has been separated for
those tracers located above 670-km depth (the upper mantle)
and those tracers below 670-km depth (the lower mantle).
There is no barrier to flow between the upper mantle and
lower mantle at 670 km, but the correlation analysis is
performed separately in order to characterize the state of
mixing in each region. In this way the evolution of a single
tracer cloud can simultaneously characterize the degree of
mixing for both the upper and lower mantles.
[24] For the 1.5-Gyr tracer distribution, length scales from

2000 to 10,000 km have correlation dimensions for both the
upper and lower mantles between 0.3 and 0.6. The velocity
field generated by the surface velocity boundary condition
causes a bunching of streamlines beneath convergent and
divergent boundaries, while the velocity gradients are
reduced in the lower mantle. The toroidal component of flow
generated by the imposed surface plate motions causes
chaotic mixing concentrated in the upper mantle because
the toroidal flow component decreases exponentially with
depth, with the shorter-wavelength components decaying the
most rapidly [Hager and O’Connell, 1979].

4.2. Kinematic Flow With Layered Viscosity

[25] Results shown in Figure 4b are for a purely kine-
matic model with a viscosity that increases with depth

Figure 2. Correlation dimension for random distributions
of different numbers of tracers. At very small length scales
the random correlation dimension should approach 3 if it is
well resolved. The minimum resolvable length scale is
defined by the peak in the correlation dimension, which
occurs at smaller length scales for a larger number of
tracers. For 50,000, 10,000, and 1352 tracers the minimum
resolvable length scale is �600, 900, and 2000 km,
respectively. The dashed line shows the correlation dimen-
sion for a random distribution of 50,000 tracers in a cube
whose diagonal dimension is equal to the radius of Earth.

Figure 3. Evolution of a small cluster of 1352 tracers from
point source to streak to cloud as quantified by the
correlation dimension. The tracer distribution was inserted
into the kinematic, constant viscosity model. The top curve
is the correlation dimension of a random distribution of the
same number of tracers. The tracers distribution evolves
toward the random distribution. A correlation dimension
equal to 1 is interpreted as having evolved into a streak.
This is approximately correct, but as can be seen for the
limit of a volume filling cloud, the three-dimensional
spherical shell geometry affects the overall shape of the
curves. The length scales range from �2000 km, which is
the smallest resolvable length scale when using a modest
number of tracers, to �12,000 km, which is the length scale
of the entire volume (diameter of Earth). The state of mixing
is described by the correlation dimension of the tracers at a
specific length scale at a specific time.
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through the transition zone by a factor of 100. After
3.75 Gyr of model time the upper mantle attains a correla-
tion dimension between 0.5 and 1.0 at length scales of
2000–9000 km. The lower mantle reaches a correlation
dimension between 0.5 and 1.0 after 5.0 Gyr of model time.
It takes �30% longer for the lower mantle to reach the same
state of mixing as the upper mantle.

4.3. Flow Driven by Density Heterogeneities
With Layered Viscosity

[26] Results are shown in Figure 4c for a model that
includes a factor of 100 increase in viscosity with depth,
surface plate motions, and internal mantle flow driven by
density heterogeneities. As noted in section 3, the surface
plate motions in this case are driven self-consistently by
the internal density field but differ only slightly from
those observed for the present day. After 3.75 Gyr of
model time the lower mantle tracers obtain a correlation
dimension between 1.0 and 1.5 on length scales smaller
than �6000 km. After 3.25 Gyr of model time for the
upper mantle, length scales smaller than 6000 km have
also reached similar correlation dimensions between 1.0
and 1.5. At these length scales the upper mantle is mixing
only �15% faster than the lower mantle. However, at
length scales of 6000–10,000 km the lower mantle is less

mixed than it is at smaller length scales, resulting in
correlation dimensions between 0.3 and 1.0. For length
scales of 6000–10,000 km the upper mantle obtains
correlation dimensions between 0.3 and 1.0 in only 2.25
Gyr. Therefore, at longer (global) length scales the upper
mantle becomes mixed �60% faster than the lower
mantle. This model was also studied with a more extreme
viscosity layering of a factor of 1000 increase, resulting in
relative mixing rates only somewhat slower than those
above.

5. Discussion

[27] Referring back to the thought experiment in section 1,
the two important quantities that control the degree of
differential mixing are the stretching time and the residence
time. The residence time is inversely proportional to the
mass flux between the upper and lower mantle. We are
interested in the regime in which the mantle becomes
geochemically layered under conditions of whole mantle
flow. This occurs in the limit of ‘‘instantaneous mixing,’’
when the residence time is very large or the mass flux is
very small. The mass flux between the upper and lower
mantle is large and about the same for the three models that
we have considered. This means that differences in differ-

Figure 4. Correlation dimension results for (a) the kinematic model with constant viscosity, (b) the
kinematic model with layered viscosity, and (c) the slab model with layered viscosity. See color version
of this figure at back of this issue.
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ential mixing rates observed in our models are largely a
function of the corresponding stretching times.
[28] In order to maintain the relative homogeneity of a

reservoir the size of the upper mantle, extreme differential
mixing is needed to instantaneously homogenize material
coming into the upper mantle from below. Such extreme
differential mixing would require mixing in the upper
mantle to be at least a factor of 10 times greater than mixing
in the lower mantle or a differential mixing effect of at least
1000%. To summarize our results, there was approximately
no effect, 30% effect, and 60% effect in the kinematic
model with constant viscosity, the kinematic model with
layered viscosity, and the slab model, respectively. These
effects are too small (by at least 1 order of magnitude) for
differential mixing in these models to maintain a homoge-
nous reservoir in the upper mantle that has heterogeneity
introduced from the lower mantle.
[29] Our models are useful mainly in evaluating differ-

ential mixing times for upper and lower mantle reservoirs,
but the absolute mixing rates are clearly underestimated and
should be viewed with caution. Flow in the Earth’s mantle is
time-dependent and includes smaller length scales than are
present in our models, which include mainly plate-scale
flow. Evidence for small-scale convection in the upper
mantle beneath the plates is controversial, but it appears
to be unlikely that small-scale flow is responsible for much
of the upper mantle heat transport (see Davies and Richards
[1992] for a more general discussion of this issue). It would
nevertheless be interesting to study quantitatively the degree
to which a small component of small-scale convection in the
uppermost mantle might affect mixing in a mantle otherwise
dominated by plate-scale flow.
[30] In this paper we have assumed that the differing

degrees of homogeneity and enrichment between OIB and
MORB reflect source compositions rather than sampling
processes, e.g., greater homogenization and sampling of
both enriched and depleted parcels due to more extensive
mantle melting at ridges. Although this view is rejected by
most geochemists for a variety of reasons, we simply note
that it is plausible that both OIB and MORB are derived
from the same or similar source rocks via different pro-
cesses, in which case the need for geochemical distinction
between the upper and lower mantle would not be an issue.
Models with greater sophistication, such as these including
for fractionation effects from partial melting at mid-ocean
ridges [Walzer and Hendel, 1999] as well as much higher
numerical resolution, are needed to test the full range of
available hypotheses for mixing in whole mantle convec-
tion. In full thermal convection models, in which heat must
be transported from the core-mantle boundary through the
mantle to the surface, it is likely that maintaining a strong
dichotomy in the degree of mixing would be even more
difficult.
[31] Seismic tomography indicates that a substantial mass

flux occurs across the 670-km discontinuity because many
subducted slabs penetrate to great depth in the lower mantle
[Grand et al., 1997; van der Hilst et al., 1997]. Also, it is
unlikely that the negative Clapeyron slope phase change at
670-km depth is a significant inhibition to radial flow since
there is no corresponding large increase in the degree of
seismic heterogeneity at that level [Megnin et al., 1997;
Davies, 1995]. This large mass flux between the upper and

lower mantle, combined with the results of our models,
suggests that the material of upper mantle composition is
representative of all the material in the convecting region
and, more specifically, that most of the volume of the
mantle is the MORB source reservoir. The OIB reservoir
most likely exists outside of the MORB source region,
possibly in a layer which is isolated from the convecting
region of the mantle (see Tackley [2000] for a review of
these possibilities). Our conclusions favor the conceptual
model of Coltice and Ricard [1999], in which most of the
mantle is the MORB source region and the enriched,
heterogeneous OIB material is contained in a relatively thin
layer at the base of the mantle. Subducted oceanic crust has
long been proposed as a possible repository for ancient
geochemical heterogeneities [Hofmann and White, 1982;
Chase, 1981], and the seismic D00 layer has been proposed
to be one place that oceanic crust might segregate [Chris-
tensen and Hofmann, 1994]. Recent geochemical analysis
of OIBs shows that there is indeed a signature of recycled
pelagic sediments [Blichert-Toft et al., 1999]. The plausi-
bility of such a model and understanding its dynamics
should be a fruitful direction for future work.
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Figure 1. Snapshot of tracer evolution after 3.0 Gyr for (a) a constant viscosity case and (b) a layered
viscosity case. In the layered case the lower mantle is 30 times the viscosity of the upper mantle. Color
indicates the depth of a tracer relative to all the other tracers in the distribution. Blue tracers are nearest to
the surface, and red tracers are closest to the core-mantle boundary. The reference surface shown is at the
depth of the core-mantle boundary. The differential mixing effect is seen clearly in Figure 1b, where the
leftmost ribbon-like structure is being destroyed by the presence of toroidal flow near the surface.
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Figure 4. Correlation dimension results for (a) the kinematic model with constant viscosity, (b) the
kinematic model with layered viscosity, and (c) the slab model with layered viscosity.
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