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Abstract

Geochemical models have frequently divided the mantle into depleted upper and undepleted lower mantle reservoirs,
usually taken as indication for a layered style of convection. This is difficult to reconcile with seismological and
geodynamical evidence for substantial mass flux between lower and upper mantle. Various models have been proposed to
jointly interpret the evidence, including that of G.F. Davies [J. Geophys. Res. 89 (1984) 6017–6040] in which the author
suggested that lumps of primitive material may exist in the lower mantle, representing reservoirs for undepleted basalts.
Mixing calculations have suggested, however, that such blobs could not survive 4 Ga of convection. Calculations by M.
Manga [Geophys. Res. Lett. 23 (1996) 403–406] on the other hand showed that high-viscosity blobs could persist in
convective cells for geologically long times without being substantially deformed and mixed with the surrounding flow. We
investigate a blob model of convection based on these ideas and consider dynamical, thermal, geochemical and rheological
consequences. The radiogenic heat production in the primitive blobs would lead to higher temperatures. However, these
would be modest (1T < 300 K) for sufficiently small blobs (radius <800 km). The resulting thermal buoyancy can be
offset by a small intrinsic density excess (<1%) so that blob material is hidden from the ridges but sampled by rising
plumes. To satisfy geochemical constraints, blobs would have to fill 30% to 65% of the mantle (less if they are taken to
be enriched rather than primitive). Thermal considerations require that they be surrounded by depleted material of lower
viscosity that would convectively transport heat to the surface. The thermal decrease in blob viscosity would be about one
order of magnitude but constrained to the interior; the stiffer ‘shell’ can then be expected to control the dynamical mixing
behavior. On average, the viscosity of the lower mantle would be increased by the presence of the blobs; if they were 100
times more viscous than the surrounding mantle the net effect would be to increase the effective viscosity approximately
5-fold. The origin of the proposed blobs is an unresolved problem. We suggest that perovskite=magnesiowüstite ratio
variations could be the reason, which would yield an intrinsic density contrast as well. Blob geometries are at the current
resolution limit of global tomographic models, and the trade-off between temperature and compositional effect on seismic
wave speeds tends to blur the signal. However, joint P- and S-wave inversions and scattering studies may ultimately
approach the necessary precision to detect blobs. Under the simplifying assumptions employed in this paper, we find
that the viscous blob model is internally self-consistent and feasible. The model may explain the outstanding problem of
incongruous geochemical and geophysical data.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Geochemical studies imply that the Earth’s mantle
is heterogeneous on all length scales [1–3], although
the isotopic variability may be accounted for by a
small number of end-member reservoirs [4]. Evi-
dence for the existence of these reservoirs is strong,
but constraints on the geometry are very weak. The
presence of generally high 3He=4He ratios in Ocean
Island Basalts (OIBs) associated with mantle plumes
[5,6] is commonly interpreted as evidence for the
existence of a primitive mantle. Scatter of 3He=4He
ratios for different OIBs [7] is an indicator that the
source region of these samples is much more hetero-
geneous than that of the mid-oceanic ridge basalts.
The spatial stability of mantle plumes hint at a deep
source, possibly the lowermost mantle. Box mod-
els of the formation of continental crust [8] suggest
that the volume of the depleted mantle is compa-
rable to the upper mantle. Furthermore, the global
40Ar=40K budget of the Earth can be used to argue
for layered mantle convection. If the upper mantle is
identified with the depleted mantle, the lower mantle
then serves as the primitive reservoir of Ar=K, and
there is low mass flux across the 670-km-disconti-
nuity [9]. This is probably the strongest, although
not undebated [10], argument of geochemistry for
layered convection.

These geochemical observations are at odds with
growing evidence from seismology and geodynam-
ics. Studies [11,12] show a high mass flux across the
transition zone and opt for a whole mantle style of
convection. This is in accord with recent seismic to-
mography [13,14] which detects linear high-velocity
anomalies continuing into the lower mantle, strongly
suggesting slab penetration. Thus, with exceptions
[15], geochemists have argued for a layered mantle
throughout most of Earth’s history, whereas geo-
physicists, working from different sets of data, have
supported a whole-mantle picture.

In light of these two lines of evidence, it is ap-
parent that neither end-member scenario is tenable
and one must appeal to more exotic models. One
such model is the penetrative convection picture of
Silver [16], in which upper mantle material is in-
trinsically less dense than lower mantle material,
but not enough so to overcome the negative buoy-

ancy associated with cold slabs. Downgoing mate-
rial, then, penetrates the lower mantle, equilibrates
thermally, and returns preferentially to the upper
mantle. Unfortunately, this model contains many of
the weaknesses of the two-layer mantle, including
the necessary presence of a thermal boundary layer
at or near the 670-km-discontinuity, which is not
likely to be present [17].

Davies [18] proposed instead a model in which
there is no fundamental bias between the upper and
lower mantle except an increase in viscosity, as sug-
gested independently on the basis of geoid modeling
[19]. Enriched or undegassed blobs of material are
then dispersed throughout the mantle and sampled
periodically by upwelling plumes. This model ques-
tions not the picture of a multi-reservoir Earth drawn
by geochemistry but the standard geometry. Numer-
ical studies of mixing, however, indicate that these
blobs of material are unlikely to remain coherent
over sufficiently long time scales. The high viscosity
and low strain rates of the lower mantle appear to
be an attractive way out of this problem [20]. Yet,
in the absence of an intrinsic density contrast, any
material in the lower mantle must ultimately be cy-
cled through the upper mantle. There blobs will be
subjected not only to the effects of lower viscosity
[21], but also of toroidal motion [22,23].

On the other hand, using two-dimensional Stokes
flow calculations with kinematic boundary condi-
tions, Manga [24] showed that high-viscosity blobs
can sustain multiple convective overturns virtually
unstrained. This means that the time scales for blob
erosion and mixing of blob material can be compa-
rable to the geochemical age; stiffer regions could
resist mixing with the surrounding mantle material
over geologically long times when they had a viscos-
ity higher by a factor of about 75. Furthermore, these
blobs tend to aggregate in the low strain rate cores
of convection cells and resist sampling at spreading
centers [25]. If an intrinsic viscosity contrast were to
remain sufficiently high over geological times, then
these blobs could represent the dispersed reservoir
envisioned by Davies and required by geochemistry
(cf. Fig. 1).

Our goal here is to examine the dynamical and
thermal persistence of these blobs, and give reason-
able numbers for their size by order of magnitude
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Fig. 1. The blob model of convection (cartoon). Note the following features: Convection is in the whole mantle mode with varying
morphology of slab penetration through the 670-km-transition zone. The blobs reside mainly in the cores of the convective cells and
represent the primitive reservoir. Surrounding material and especially the upper mantle region are depleted and degassed by melting at
the ridges and earlier continent-formation. Blobs are sampled by rising plumes that entrain material and lead to a heterogeneous OIB
isotope source.

calculations. The constraints we consider are shown
not to violate the model.

2. Thermal constraints on blob dynamics

Radiogenic heating within the primitive blobs and
the resulting viscosity reduction could overcome the
hypothetic intrinsic viscosity contrast central to our
argument. We present constraints on the following
questions in an attempt to resolve some of the related
issues. What might be the dominant mode of heat
transport in a blob-filled mantle? How does the neces-
sity to remove heat constrain the maximum fraction
of blobs to depleted mantle volume? How high does
the intrinsic negative buoyancy need to be to keep
blobs from rising? What internal radiogenic temper-
ature increase can be expected in the blobs and what
follows for the viscosity reduction? Finally, what is
the overall viscosity increase in a blob-filled mantle?

2.1. Conductive versus convective cooling

For simplicity, we consider heat transport around
a fixed, rigid and internally heated sphere of radius

a within an open streamline flow of background
convective velocity u1. Any time-dependent recon-
figuration of the convective pattern that might be due
to moving ridges or unsteady plumes is not included
in such an analysis.

We assume that the temperature at the surface of
the sphere is kept at constant ambient temperature,
Ta, and investigate the validity of this assumption in
the following. For this to work, the temperature of
the material passing over the surface of the sphere
must not increase significantly, but rather the ma-
terial has to be advected away before heating up.
In other words, the convective time scale must be
shorter than the conductive. The Peclet number, Pe,
is the ratio between these two numbers and defined
by:

Pe D u1a

�
(1)

where � is the thermal diffusivity. If we take charac-
teristic values for the lower mantle (cf. Table 1), and
a blob radius of a D 50 km — later shown to be rea-
sonable — we get Pe D O(200) for most estimates
of u1. Thus we expect the time scales of conduction
to be significantly shorter than those of convection
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Table 1
Summary of the parameters used and derived in this study

Parameter Value Reference

Thermal conductivity k D 8.5 W m-1 K-1 [26, p. 459]
Thermal expansivity Þ D 1.4 ð 10-5 K-1 [26, p. 459]
Heat capacity Cp D 1270 J kg-1 K-1 [26, p. 459]
Mean density ²0 D 4903 kg m�3 [27]
Characteristic velocity of convection u1 D 1.5 cm yr�1 [17]
Activation energy H D 600 kJ mol�1 [28, p. 333]
Ambient temperature 2000 K � Ta � 4000 K [26, p. 459]
Characteristic blob radius 550 km � ac � 780 km Eq. 10

Derived quantities
Thermal diffusivity � D 1.4 ð 10-6 m2 s�1 k=.Cp²/

Peclet number 191 � Pe � 271 Eq. 1
Heat production rate A0 D 2.5 ð 10-8 W m�3 Table 2
Characteristic half-distance between the blobs 96 km � b � 121 km Eq. 3
Maximum surplus temperature 150 K � 1Tmax � 300 K Eq. 8
Maximum viscosity reduction 0.5 � �min � 0.009 Eq. 14

The values are thought to be representative of lower mantle conditions at present time in Earth’s history. When we used a range of values
this is indicated.

around the blobs. In addition, the material flowing
around the blobs will be removed more easily due to
its thermally reduced viscosity and increased buoy-
ancy. These effects support our assumption of an
isothermal boundary condition in all that follows.

The extension of the diffusive boundary layer ld

from the sphere into the convective system scales
as ld / p� tc, where tc is the characteristic contact
time for material flowing by. For a bubble with a
stress-free boundary condition, we would just use
tc / a=u1. However, since we are considering the
end-member case of a rigid sphere, the appropriate
characteristic velocity is u1ld=a and we get:

tc / a2

u1ld
(2)

instead. If the blobs get too close together, our
assumption of convection as an effective method
of heat transport breaks down. Therefore, we take
as the minimum half-distance between blobs the
characteristic diffusion length b (cf. Fig. 2):

b ½ a Pe�1=3 (3)

Obviously, there is no force preventing the blobs
from moving closer than b. However, if they do so,
it is more appropriate from a thermal standpoint to
consider them as a single, larger blob.

2.2. Geometrical constraints

With the constraints on b from above we can now
estimate the maximum volumetric ratio fb of blob
material to ambient mantle when a fraction C of the
total mantle volume can be filled with blobs. Note
that b is not meant to represent a mean distance
between the blobs, but rather a minimum distance
indicating the conditions under which our assump-
tions about heat flow hold. One way to approximate
the blob geometry (case A) is by calculating the vol-
ume of spheres separated by a distance 2b in cubes.
This should be appropriate when we think of small
and isolated blobs. Then the volume fraction as a
function of blob radius a is given by:

f A
b D C

³

6

a3

.a C b/3
(4)

where b is given by Eq. 3. We do not take the
annulus-shaped mantle geometry or a blob size dis-
tribution into account. A more extreme set-up (case
B), which is more appropriate if the blobs are imag-
ined to fill the whole interior of a convective cell, is
realized by cubes with half side length a (Fig. 2, B),
so that:

f B
b D C

a3

.a C b/3
(5)
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Fig. 2. Simplified blob geometry for volume filling considerations. f A;B
b indicates the volume fraction of Vb=Vm for end-members A and

B.

Obviously, the large-scale blobs are more efficient
in terms of volume filling. Case B can be viewed as
an equivalent of case A when the missing ‘corners’
of the 8.a C b/3 cube are allowed to be filled by a
size-distribution of smaller, spherical blobs. We note
that Manga’s calculations [24] indicate that blobs
will not stay perfectly separated for all times but
coalesce and separate again. In this respect, we are
considering an average blob size. The considera-
tions on blob geometry further remind us that our
blob model lies on a continuum between isolated,
small lumps and large-scale rheological stratification
depending on the volume fraction fb.

Fig. 3 shows the volume fractions predicted by
Eqs. 4 and 5. They are calculated by taking the equal-
ity in Eq. 3 and substituting the numbers of Table 1.
The plot demonstrates that the dependence on a is
not very pronounced and a significant fraction of the
mantle volume can be occupied by primitive mate-
rial in our model. We will choose characteristic radii
and discuss the implications of the estimates shown in
Fig. 3 in terms of geochemical mass balances below.

2.3. Internal temperature in the primitive blobs

We now examine further thermal constraints on
the blob size. A consequence of the more primitive
composition of the blobs is a higher rate of inter-
nal heat production than in the surrounding matrix.
Thus, the blobs can be expected to heat up, possi-
bly increasing their buoyancy to a point at which
they congregate not at the cores of convection cells
but rather at the shallowest levels of the mantle. To
evaluate this possibility, we begin by calculating a
reasonable value for the volumetric heat production
rate, A0, in the undepleted blob material.

2.4. Assessing the heat production

To calculate the rate of internal heating, we as-
sume relative and absolute abundances of radiogenic
elements for the bulk silicate Earth that are based
on [29] (cf. Table 2). Combining these with heat
generation values given in [26] we find that the re-
sulting heat generation of the bulk silicate Earth is
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5:1 ð 10�12 W=kg, about the same as for carbona-
ceous chondrites. In the depleted mantle, the major-
ity of the heat-producing elements have been lost by
fractionation to the continental crust. Yet, the blobs
hold their original composition to first order, with
possible depletion or enrichment due to entrainment
of ambient mantle or delaminated crustal material,
respectively. We assume for our model, therefore,
that the blobs produce heat at the rate cited above.
Taking the average density for the lower mantle
²0 D 4903 kg=m3 [27], we arrive at the volumetric
rate of heat production in the blobs:

A0 D 2:5ð 10�8 W=m3 (6)

We take this value as a reference and show how
our results depend on variations in A0.

Table 2
Abundances of radiogenic elements in the bulk silicate Earth
from [29]

Uranium abundance U 20.3 ppb
Uranium isotope ratio 238U=235U 137.88
Thorium abundance Th 79.5 ppb
Potassium abundance K 240 ppm
Potassium isotope ratio 40K=K 1.17 ð 10-4

2.5. Conductive solution for an internally heated
sphere

We proceed to estimate the excess temperature
∆T within the blobs due to the heat production
rate A0. Our approach is based on the argument
outlined above that convective cooling is an effective
mechanism outside the blobs and the temperature is
constant on the surface. Therefore, we solve the heat
diffusion equation for a solid sphere in an infinite
medium with the boundary condition ∆T .r D a/ D
0 for all times t . Choosing the initial condition
∆T .t D 0/ D 0 for all r , the full solution is [30]:

∆T .r; t/

∆Tmax
D .1� r 2/C 12

³3r

ð
1X

nD1

.�1/n

n3
sin.³nr/ exp.�³2n2t/ (7)

with

∆Tmax D A0a2

6k
(8)

and r D r=a; t D t=td and td D a2=k. Here, k is the
thermal conductivity of the blob material, r the dis-
tance from the center of the blob and td the diffusion
time which is around 6.9 Ga for the numbers of Ta-
ble 1 and a characteristic value for the radius parame-
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eq. (6)

Fig. 4. Maximum temperature in the center of a blob .r D 0/
in degrees K as predicted by Eq. 8. Isotherms are shown from
50 K � ∆Tmax � 550 K in 50 K-intervals in a volumetric heat
production rate vs. blob radius plot for k D 8.5 W m�1 K�1. We
have indicated the parameter range for which Tmax . 300 K by
shading. The two diamond-shaped symbols belong to the radii
of a D 550 km and a D 780 km which for A0 D 2:5 ð 10�8

W=m3 (Eq. 6) correspond to Tmax ³ 150 K and Tmax ³ 300 K,
respectively.

ter a of 550 km. It is not clear which initial condition
is the appropriate one for the formation of primitive
blobs. However, a closer inspection of Eq. 7 shows
that the full solution approaches the parabolic shape
of the steady-state temperature distribution for times
t & 0:1, albeit with a smaller maximum temperature
increase. ∆Tmax.t/ D ∆T .r D 0; t/ is around 70%
and 93% that of the steady-state solution (t ! 1)
for t D 0:14 (corresponding to 1 Ga) and t D 0:29
(equivalent to 2 Ga), respectively. We hence neglect
any transient effects and use the steady-state solu-
tion, noting that the resulting numbers for ∆T are
upper bounds for the actual temperature increase one
would expect.

The raised temperature within the blobs produces
two effects: increased buoyancy due to thermal ex-
pansion and decreased viscosity within the blob.
Fig. 4 shows the maximum temperature increase in
the center of the blob as a function of A0 and a. The
temperature increase within the blobs will be mod-
erate for a wide range of parameters. Choosing 300
K arbitrarily as a limit based on viscosity consider-
ations which follow below, we get a corresponding
blob radius of a ³ 780 km for our reference A0.

We note that we have taken a rather conservative
approach in estimating the temperature increase. For
one thing, deviations from spherical shape would
lead to more efficient heat transport. Furthermore,
internal convection velocities for a non-rigid blob
can be expected to be lower than u1 by a factor cor-
responding to the inverse of the viscosity increase.
Internal flow will hence be a secondary mechanism
for high-viscosity blobs but might nevertheless lead
to a flatter temperature profile than indicated by
Eq. 7.

2.6. Buoyancy constraints

We can estimate the thermal buoyancy due to the
excess heat inside a blob by integrating over the
steady-state temperature profile Eq. 7:

∆²t D 3²b
0Þ

a3

Z a

0
∆T .r/r 2 dr (9)

to obtain the condition for the dominance of intrinsic
over thermal buoyancy:

∆²i

²0
>

2

5
Þ∆Tmax (10)

Here, Þ denotes the thermal expansivity, ∆²t and
∆²i the thermal and intrinsic density differences,
respectively; ²b

0 and ²0 denote the blob density and
ambient mantle density. We used ²b

0 ³ ²0.
Assuming that blobs tend to congregate in the

low strain-rate centers of convective cells, Eq. 10 de-
scribes the conditions under which thermal buoyancy
will not drive the blobs up and out of these stable
regions. However, if we wish to estimate the condi-
tions under which all blobs of significant size remain
in the lower mantle, we need to take the viscous drag
into account which would tend to carry blobs caught
in upwellings into the upper mantle. Such a correc-
tion leading to a higher intrinsic density requirement
will also be of importance when a time-dependent,
more vigorous style of convection is considered. If
we introduce a second effective density contrast,
∆²s, by means of the Stokes velocity:

us D 2

9

∆²sga2

¼m
(11)

Eq. 10 can be extended with the new density con-
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straint to arrive at:

∆²i

²0
& ∆²s C∆²t

²0
D 9

2

¼mus

²0ga2
C A0Þa2

15k
(12)

Here, g denotes gravitational acceleration and ¼m

is the viscosity of the ambient mantle. If we assume a
blob radius a D 780 km, a viscosity of ¼ D 5ð 1022

Pa s, us D u1 and the material parameters of Table 1,
then the first term on the right of Eq. 12 is on the
same order as the second (cf. Fig. 5). Thus, viscous
drag could be an important consideration, depending
on the constraints one imposes on the blobs. How-
ever, as shown by Fig. 5, when blobs get larger they
are more strongly affected by the thermal effect since
it gets increasingly difficult to move them by viscous
drag. In any case, the two terms on the right side of
Eq. 12 never add up to more than 1% for a & 490
km for our steady-state convection picture. In the fol-
lowing, we do not require the blobs to remain in the
lower mantle, but rather consider only the conditions
under which they may stay neutrally (or negatively)
buoyant within convective cores. Therefore the basic
Eq. 10 will be utilized as a constraint for a.

Fig. 5 demonstrates that the thermal buoyancy is
balanced by small intrinsic density contrasts of the
order of one percent even for very large blobs of
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whole mantle size. This is due to the temperature
distribution which gives the volumetric factor of 2=5
in Eq. 10. Hence, Eq. 10 imposes only weak con-
straints on our model if we can find a mineralogical
composition that can account for a high viscosity and
a slightly higher density of ¾0.5%. The finding that
a large temperature difference is needed to overcome
intrinsic negative buoyancy is supported by miner-
alogical studies for a pyrolite lower mantle [31].

2.7. Thermal reduction in blob viscosity

There will be a range of parameters for which the
intrinsically higher viscosity of the blobs will play an
important role in controlling the mixing dynamics.
A commonly used temperature and stress dependent
creep law for rocks is:

P" D E− n exp

�
� H

RT

�
(13)

Here, P" denotes the strain rate, E a constant, −
the shear stress, n the power-law exponent (around
3), H a lumped thermal activation energy, and R
the gas constant. We have neglected grain size and
pressure dependence (where H is replaced by the
enthalpy H C pVa/ since their importance in the
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deep mantle is still debated and might be small
[28]. We furthermore take H D 600 kJ=mol as a
characteristic value for perovskite-like minerals (cf.
Table 1). Assuming constant stress, we can then
write the reduction in blob viscosity, �, when the
temperature is increased from Ta to Ta C∆T as:

�.r/ D ¼.Ta C∆T .r//

¼.Ta/

D exp

�
H

R .Ta C∆T .r//
� H

RTa

�
(14)

where the dynamic viscosity is defined by ¼ D −=P".
As noted by Karato [32], this procedure gives max-
imal weight to the temperature dependence. If we
would have chosen constant strain rate or constant
viscous dissipation instead, H — and thus the tem-
perature dependence in Eq. 14 — would have been
reduced by a factor of 1=n or 2=.n C 1/.

To arrive at a quantitative estimate, we show �

in Fig. 6 for different values for ∆Tmax and Ta. The
maximum blob temperatures used, ∆Tmax D 150 K
and ∆Tmax D 300 K, correspond to a D 550 km
and a D 780 km, respectively (Eq. 8) while the
background mantle temperature Ta is varied from
2000 K to 4000 K. These numbers are characteristic
values for the lower mantle. Fig. 6 indicates that the
reduction in viscosity is less than or about one order
of magnitude for most of the parameter values; only

low Ta, high ∆Tmax end-members result in extreme
reduction of �min D �.r D 0/ D 0:009.

Fig. 6 also illustrates the radial viscosity struc-
ture within the blobs. The regions most affected by
internal heating and therefore least viscous are re-
stricted to within about half the radius (¾13% of
the volume) of the blobs. The outer shell maintains
a viscosity close to the maximum as established by
the ambient mantle temperature and intrinsic viscos-
ity increase. Preliminary numerical calculations for
blobs with a hard outer shell and a weak interior lead
us to conjecture that even if the viscosity is reduced
substantially in the interior of the blobs (say, up to
half the radius), mixing might still be significantly
slowed down by the proposed intrinsic stiffness.

A related issue is viscous dissipation ý during
the motion of blobs. Dissipative heating will be
pronounced at the interface between the hard blob
shell and the surrounding weaker mantle material
and might lead to thermal erosion from the outside.
ý scales as − 2=¼ and will be only about 1% of A0

when we take − D 1 MPa and ¼ D 5 ð 1022 Pa s as
typical numbers for the mantle. However, numerical
models have shown that viscous heating can become
an important factor due to interaction with non-linear
rheology [33]. While the significance of this effect
for our model remains to be determined, we note that
viscous heating might facilitate the entrainment of
primitive blob material in rising plumes, especially
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since we are considering highly viscous material
with a probably higher melting temperature.

2.8. The effective viscosity of the mantle

We estimate how the average viscosity can be
expected to change in the lower mantle when it is
partially filled with high-viscosity blobs. To calculate
average properties of a composite medium, we utilize
the solution for an isotropic two-material dispersion
of viscoelastic spheres of volume fraction f in a
viscoelastic matrix [34]. We find:

¼eff D 1
6

n
.5 f � 2/¼b C .3� 5 f /¼m C

h
24¼b¼m

C ..5 f � 3/¼m C .2� 5 f /¼b/
2Ł1=2

o
(15)

for the effective viscosity ¼eff. Here, ¼b and ¼m

are the viscosity of the blobs and the surrounding
mantle respectively. Fig. 7 shows ¼eff for different
average blob viscosities. We chose to focus on the
lower mantle whereas Eq. 15 is, of course, a general
approximation for an effective viscosity.

Taking the case A geometry, a D 780 km and
restricting blobs to the lower mantle, Eq. 4 yields a
(whole mantle) f A

b of 23%. This means that 34% of
the lower mantle volume is filled with blobs. Eq. 15
then predicts an effective viscosity increase of around
5 when the average blob viscosity contrast can be
maintained at¼b=¼m D 100. When we choose geom-
etry B for higher ratios of primitive to depleted mantle
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Fig. 7. Effective viscosity ¼eff as predicted by Eq. 15 normalized by the background viscosity for different blob volume fractions f and
blob viscosities of ¼b=¼m D 10, 50 and 100. The viscosity is assumed to be constant within the blobs for this calculation.

instead, we arrive at an average viscosity increase on
the order of 40. Models, e.g. [19], usually show a vis-
cosity increase on the order of 50 in the lower mantle
that could result jointly from the phase-transition of
olivine and the inclusion of stiffer blobs.

3. Discussion

The calculation of the thermal buoyancy demon-
strated that blobs with a modest intrinsic density
contrast will not rise due to their thermal buoy-
ancy. We can therefore consider the whole mantle
for blob placement since they will not necessarily
get sampled at the ridges. Since the most important
thermal constraint on blob size is the internal vis-
cosity decrease, Eq. 14, we have chosen a D 550
km and a D 780 km as representative values that
yield ∆Tmax ³ 150 K and ∆Tmax ³ 300 K as
upper bounds. For these values, the viscosity reduc-
tion � will probably be small enough so that the
envisioned primitive blob reservoirs stay relatively
unmixed over geological time.

3.1. Geochemical and heat flow constraints

Fig. 3 shows that the blob volume for the char-
acteristic radii sums to roughly one (two) third(s) of
the total mantle volume for case A (case B) if we
consider the whole mantle for the blobs and use the
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constraints set forth above. This volume fraction is
of the order of magnitude that is needed to provide
a significant reservoir of undepleted mantle mate-
rial [8]. If stringent geochemical constraints confirm
values on the upper end of the range, the model we
propose might still work, albeit with a blob geometry
that fills up the interior of the convective cells.

In the framework of our model, we can account
for a maximum mantle volume fraction of 34%
(65%) for case A (case B). (The correction for mass
is a small one, the difference for the lower mantle
being about 1.11 based on PREM.) If only blobs
would produce heat at a rate A0, we arrive at about
8ð 1012 W .15ð 1012 W) globally. That is roughly
20% (40%) for case A (case B) of the global surface
heat flux. Therefore, the heat production in the blobs
alone is not sufficient to account for the global bud-
get but secular cooling and other heat sources such as
the core or the surrounding depleted mantle have to
be invoked. Independent of all arguments about the
Earth’s heat budget we can simply state that about
one (two) thirds of the mantle-based heat production
could be located in the blobs for case A (B).

At this stage uncertainties in the assumptions of
the geochemical models and heat budget estimates
do not allow any definitive conclusions to be drawn
about the blob size and the validity of our model.
The lower mantle blobs could account for substantial
fractions although smaller blobs (case A) seem more
likely to work thermally. The order of magnitude
estimation we present above leads us to conjec-
ture that the proposed high-viscosity, slightly higher
density blobs of lateral dimensions around 1200
km are possibly stable and could remain unmixed
over geologically long times. We note that we have
made simplifying, but necessary assumptions to ar-
rive at analytical estimates of the physical processes.
Only numerical calculations taking all the impor-
tant effects (energy equation, momentum equation,
deforming blobs, temperature-dependent viscosity,
viscous heating, time-dependence) into account can
ultimately test the feasibility of our model for the
mantle.

3.2. Origin of high-viscosity blobs

We have shown that the model view of mantle
convection with highly viscous blobs might be able

to reconcile the different views of geophysics and
geochemistry. One important question that remains
is the origin of the blobs. They must have formed
early in Earth’s history in order to contain material
of primitive origin. One possible rheological expla-
nation is based on evidence that the lower mantle
consists of a mixture of (Mg, Fe)SiO3 perovskite
(pv) and (Mg, Fe)O magnesiowüstite (mw). The
melting temperatures of the two components are sig-
nificantly different [35]. Since this can be interpreted
as an equivalent difference in the activation energy
[36], a higher ab origine fraction of perovskite within
the blobs could account for higher viscosity at lower
mantle depths. The intrinsic density would be in-
creased as well (cf. Appendix A). Thus, a change in
the fractions of pv and mw would also satisfy our
constraint on neutral buoyancy.

It should be noted that there is nothing in the
chemistry of OIBs that suggests a difference in ma-
jor element chemistry relative to the depleted MORB
mantle. Therefore our speculation of a pv-based
mechanism for raising the viscosity does not fol-
low directly from surface observables. However, it
may take relatively small proportions of the primi-
tive or enriched material to skew the trace element
and isotopic ratios in the manner observed for OIBs.
This brings us to another criticism of this model:
if the blob material has such a high viscosity, how
do we observe it at all? Davies’ original argument
involved blobs which were melted more easily due
to their primitive composition and high volatile con-
tent. As discussed by Manga, however, these same
features would lead to the blobs’ destruction. We ar-
gue instead that the heterogeneous isotopic and trace
element content of the OIBs is due to the passive
entrainment of the blobs by hot upwellings. The in-
clusion of the primitive=enriched component in the
OIBs is a function not of the blobs’ physical proper-
ties but rather their geometric position in the path of
the plume.

3.3. Observational constraints

The blobs we envision should be detectable by
seismological studies such as mantle tomography
[37,38] and statistical interpretations of travel-time
residuals [39] or heterogeneities as shown in tomog-
raphy and geodynamical models [12]. Since we are
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considering blobs with an internal temperature that is
higher than the ambient mantle, wave speeds can be
expected to be reduced. However, as blobs are char-
acterized by different composition and higher density
as well, we expect that there is a trade-off between
these two effects. There is general agreement that
the effect of temperature at constant pressure is more
pronounced on S-waves than on P-waves, probably
by a factor of ¾2 [26,40,41]. Compositional varia-
tions, on the other hand, are expected to be more
pronounced in P- than in S-waves [38], one reason
being the proposed difference in extrinsic and intrin-
sic derivatives of shear and bulk modulus [40]. The
task of putting quantitative bounds on the relative
partial temperature and composition derivatives of
P- and S-waves .@ ln vP;S=@T /jx and .@ ln vP;S=@x/jT
is complicated by many factors. The uncertainty in
or lack of mineral physics data, disagreement and
non-uniqueness of inversions of the average chemi-
cal composition (Si- and Fe-content) of the mantle,
the estimation of effective moduli of composites and
other factors together mount to large uncertainties.
Having said that, we estimate reasonable numbers
for the trade-off between temperature and composi-
tion. The procedure is described in the Appendix A.
For the relative changes in wave speeds due to a
maximum temperature increase of ∆Tmax D 300 K
at the center of the blobs we obtain:

@ ln vPjx D �0:75% and @ ln vSjx D �1:5% (16)

(These values are reduced by a factor of about 2=3 if
the seismic rays average over the temperature distri-
bution within the blobs, Eq. 7.) For the compositional
changes caused by a higher perovskite content cor-
responding to an intrinsic density increase of 0.25%
(counterbalancing thermal buoyancy corresponding
to ∆Tmax/ we get:

@ ln vPjT D 0:86% and @ ln vSjT D 0:74% (17)

throughout the blobs. Eqs. 16 and 17 show that the
thermal and the chemical contributions to the dvP

travel-time anomaly might roughly cancel out each
other in the blob center while blobs might be faster
than the residual mantle on average. The S-waves, on
the other hand, should be slower, probably by about
0.3%. While the blobs thus tend to hide from tomog-
raphy where the rays average over large volumes,
blobs should be more easily detected by seismic

scattering studies since the compositional contrast
we propose is less offset by temperature at the blob
surface.

More important than the absolute numbers for
travel-time anomalies quoted above is the result that
we predict an anticorrelation between P- and S-wave
residuals for the lower mantle primitive blobs. Re-
cently, tomographic studies [37,38] have moved be-
yond a constant scaling between P- and S-wave
residuals so that travel-time residuals can be individ-
ually interpreted and the question of thermal and=or
compositional anomalies readdressed. Both tomo-
graphic studies [37,38] find increasing heterogeneity
and anticorrelation between shear and bulk modu-
lus variations in the lower mantle. In addition, the
spatial scales of heterogeneity have independently
been determined to be on the order of 1000 km
[39]. We conjecture that heterogeneities of the type
we have discussed above might be at least in part
responsible for the complexity seen by recent studies
while the trade-off between temperature and compo-
sition might make it difficult to actually detect the
existence of blobs.

4. Conclusion

We have shown that the proposed blob model
might explain the geochemical constraints on the
Earth without invoking a layered convection mode,
which seems to be contradicted by geophysical ev-
idence. Tempting as this view appears to us, the
possible origin and mineralogy of the blobs and the
dynamical self-consistency of the model have to be
elaborated on or demonstrated. If full calculations
show that the proposed model works, it would be a
significant contribution to our view of mantle con-
vection in general.
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Appendix A. Estimation of partial temperature
and composition derivatives

We estimate the relative variations in P- and S-wave speeds
for changes in temperature at constant composition and vice-
versa. (As usual, the logarithmic differential, e.g. d ln vP, is
written as shorthand for relative changes in a parameter, e.g.
dvP=vP/. The temperature derivatives we use are those from
Stacey [26].

@ ln vP

@T

þþþþ
x
D �2:5ð 10�5 K�1 (18)

and

@ ln vS

@T

þþþþ
x
D �5:0ð 10�5 K�1 (19)

with a ratio of

@ ln vp

@ ln vs

þþþþ
x
D 0:5 (20)

They agree within the uncertainties of more recent estimates
[41]. The notation jx indicates the variable that is held fixed, in
this case the composition x . It is assumed that the temperature
derivatives are appropriate for both blobs and residual mantle
albeit they have different composition. Inserting the characteristic
dT D ∆Tmax D 300 K from above we find that the maximal
thermal changes in wave speeds in the center of the blobs
amount to:

d ln vPjx D �0:75% and d ln vSjx D �1:5% (21)

In our model, the Earth’s lower mantle is made of
only .Mg1�ypv

;Feypv /SiO3 perovskite and .Mg1�ymw
;Feymw /O

magnesiowüstite. By using Stacey’s [42] preferred values of
ypv D 0:06 and ymw D 0:15 for the Fe=(Fe C Mg) numbers
of perovskite and magnesiowüstite, respectively, we reduce the
compositional degrees of freedom further to the concentration of
mw, denoted by x . The average moduli and density of a pv–mw
mixture are calculated based on the preferred x0 D 0:28 from
[42] at zero pressure and room temperature. We assume that the
logarithmic derivatives with respect to x that we then derive for
these conditions are roughly the same as the derivatives at higher
pressure and temperatures for the lower mantle. This assumption
should hold to first order since incompressibilities K (and thus
to first order also ²) have about the same pressure derivatives for
pv and mw [43]. We therefore assume that the ratios between
the relevant parameters for both minerals stay roughly the same
independent of the reference depth.

Wang and Weidener [41] state the densities of pv and mw as:

²
pv
0 D 4108C 1070ypv [kg=m3] (22)

and

²mw
0 D 3583C 2280ymw [kg=m3] (23)

which for our composition result in

²
pv
0 D 4172 kg=m3 and ²mw

0 D 3925 kg=m3 (24)

so that

²0 D .1� x/²pv
0 C x²mw

0 D 4103 kg=m3 (25)

Differentiating Eq. 25 gives:

@ ln²

@x

þþþþ
T
D ²mw � ²pv

²pv C x.²mw � ²pv/
D �0:06 (26)

for the relative changes in average density at constant T . One
can compare this value with .@ ln²=@T /jx which is simply the
thermal expansion coefficient Þ.

Turning to the bulk modulus, we use the adiabatic values for
the mineral components from [41] and [43]

K S
pv D 264 GPa and K S

mv D 163 GPa (27)

as a start. Various methods of estimating the bulk modulus
of the assemblage have been proposed while the final answers
for K0 differ only slightly [43]. We follow the self-consistent
approach which was already used for the effective viscosity of
the blob-filled mantle. The counterpart of Eq. 15 for K0 —
written with mw as a component with volume fraction x in the
pv matrix — is [34]:

x

1� 
 .Kmv=K0 � 1/
C 1� x

1C 
 .Kpv=K0 � 1/
D 1 (28)

A factor 
 entered the equation that depends on the compos-
ite’s Poisson ratio ¹Ł:


 D 1C vŁ
3.1� vŁ/ (29)

The corresponding equation for the composite shear modulus
G0 is:

x

1C þ.Gmv=G0 � 1/
C 1� x

1C þ.Gpv=G0 � 1/
D 1 (30)

with

þ D 2.4� ¹Ł/
15.1� ¹Ł/ (31)

¹Ł couples Eqs. 28 and 30, and it is readily seen that the formula
for the effective viscosity, Eq. 15, follows from Eq. 30 with
¹Ł ! 1=2. We can solve the system for K0 as a function of Gmv,
Gpv, Kmv, Kpv and x . It turns out that the exact solution is rather
cumbersome and we will not give it here. We will, however, give
the formula that results when we set ¹Ł D 1=3 as a reasonable
number for the composite material:

K0 ³ 1
2

n
.3x � 2/Kmv C .1� 3x/Kpv

C
h
8Kmv Kpv C

�
.2� 3x/Kmw C .3x � 1/Kpv

Ð2i1=2
¦

(32)

The logarithmic derivative of Eq. 32 is:

@ ln K

@x

þþþþ
T
³ 3.Kmv � Kpv/

ð ý8Kmv Kpv C ..3x � 2/Kmv C .1� 3x/Kpv/
2	1=2

(33)
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Uncertainties about the shear modulus G are far greater than
for K . From Wang and Weidener [41] we get the estimates:

Gpv D 177 GPa and Gmw D 120 GPa (34)

As in the case for K , we can simplify the solution of Eqs. 28
and 30 with ¹Ł D 1=3. Then,

G0 ³ 1
16

n
.15x � 7/Gmv C .8� 15x/Gpv

C ð224GmvGpv C ..7� 15x/Gmw C .15x � 8/Gpv/
2Ł1=2o

(35)

and

@ ln G

@x

þþþþ
T
³ 15.Gmv � Gpv/

ð ý224GmvGpv C ..15x � 7/Kmv C .8� 15x/Gpv/
2	1=2

(36)

follows. Eqs. 32 and 35 can be compared with the effective
viscosity, Eq. 15.

The exact solution of Eqs. 28 and 30 for the numbers given
in Eqs. 27 and 34 is:

K0 D 225 GPa and G0 D 160 GPa (37)

for the moduli and

@ ln K

@x

þþþþ
T
D �0:53 and

@ ln G

@x

þþþþ
T
D �0:41 (38)

for the relative derivatives of the moduli with respect to changing
composition at constant temperature. These numbers are within
a few percent of our simplified formulas of symmetric form
Eqs. 32, 33, 35 and 36 which gives them a posteriori justifica-
tion. One has to bear in mind that the uncertainties about the
input data are probably much larger than those of the approxima-
tions made here. However, Eq. 38 indicates that our assessment
indicates a stronger (factor 1.3) x-dependence of K than of G as
was expected.

For isotropic media:

d ln vP D 1

2

(
K

K C 4
3 G

d ln K C G

G C 3
4 K

d ln G � d ln²

)
(39)

and

d ln vS D 1
2 .d ln G � d ln²/ (40)

holds. We now consider only compositional variations so that
e.g. d ln K D .@ ln K=@x/jT dx . If we then substitute the zero
pressure values of K and G into Eqs. 39 and 40,: we arrive at

@ ln vP

@x

þþþþ
T
D �0:21 (41)

and

@ ln vS

@x

þþþþ
T
D �0:18 (42)

with a ratio of

@ ln vP

@ ln vS

þþþþ
T
D 1:2 (43)

for the dependence of the seismic wave speeds on composition
variations dx . Since vP is a function of G and K , Eq. 43 is
a slightly weaker indicator for compositional heterogeneity than
the ratio of the moduli derivatives, Eq. 38.

We continue with our estimate from above that excess ther-
mal buoyancy due to ∆Tmax ³ 300 K can be counterbalanced by
a compositional density contrast of d ln ² ³ 0:25% (cf. Eq. 10).
By Eq. 26 we can account for an increase of that order when
the composition is shifted towards a higher perovskite content
by about dx D �0:041. Then, from Eq. 38, d ln K D 2:2% and
d ln G D 1:7% and finally with Eq. 42:

d ln vPjT D 0:86% and d ln vSjT D 0:74% (44)

follows for the change in wave speeds within blobs whose
mv content is decreased from x D 28% to x D 23.9%. As
stated above, we proceed under the assumption that at least the
order of magnitude and the ratio .@ ln vP=@ ln vS/jT given by
Eq. 43 is meaningful for lower mantle conditions. We thus have
demonstrated that changes in temperature will effect vS more
than vP while the opposite is true for compositional changes.
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[3] C.J. Allègre, D.L. Turcotte, Implications of a two-compo-
nent marble-cake mantle, Nature 323 (1986) 123–127.

[4] A. Zindler, S.R. Hart, Chemical geodynamics , Annu. Rev.
Earth Planet. Sci. 14 (1986) 493–571.

[5] M.D. Kurz, W.J. Jenkins, S.R. Hart, D. Clague, Helium
isotopic variations in volcanic rocks from Loihi Seamount
and the Island of Hawaii, Earth Planet. Sci. Lett. 66 (1983)
388–406.

[6] K.A. Farley, J.H. Natland, H. Craig, Binary mixing of
enriched and undegassed (primitive-questionable) mantle
components (He, Sr, Nd, Pb) in Samoan lavas, Earth Planet.
Sci. Lett. 111 (1992) 183–199.

[7] S.R. Hart, A. Zindler, Constraints on the nature and de-
velopment of chemical heterogeneities in the mantle, in:
W.R. Peltier (Ed.), Mantle Convection: Plate Tectonics and
Global Dynamics, Gordon and Breach, New York, 1989,
pp. 261–387.

[8] S. Jacobsen, G. Wasserburg, The mean age of mantle and
crustal reservoirs, J. Geophys. Res. 84 (1979) 7411–7427.
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