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[1] Small-scale convection has been suggested as a possible explanation for seismic
heterogeneities in the D” layer of the Earth’s mantle. Recently developed scaling laws for
convection with realistic viscosities allow quantitative assessment of this hypothesis. Large
temperature and viscosity contrasts across the thermal boundary layer at the core-mantle boundary
suggest that small-scale convection starts at the bottom of the thermal boundary layer and
propagates upward before the thermal boundary layer as a whole becomes unstable. The convection
boundary is likely to become a chemical boundary as a result of mixing within the convective layer.
This implies that the D" discontinuity can represent both convective and chemical boundary and
that the presence or absence of small-scale convection can be responsible for the observed
intermittent nature of the D" discontinuity. Most lateral heterogeneities in the D” layer are
concentrated near the convection boundary, consistent with seismic data. The length scale of lateral
temperature variations, the topography of the core-mantle boundary, and the viscosity of the D”
layer are in agreement with observational constraints. The thickness of the secondary thermal
boundary layer formed at the bottom of the convective layer is similar to the thickness of the
ultralow-velocity zone. The magnitude of lateral variations in temperature can only marginally be
responsible for lateral variations in seismic velocities. Variations in the topography of the
convection boundary and chemical heterogeneities are likely to be more important factors. A large
seismic velocity drop in the ultralow-velocity zone cannot be explained by thermal effects alone and

must be caused by other factors such as partial melting.

INDEX TERMS: 8121 Tectonophysics:

Dynamics, convection currents and mantle plumes, 8130 Tectonophysics: Heat generation and
transport, 8162 Tectonophysics: Rheology—mantle; KEYWORDS: core-mantle boundary, plumes,

small-scale convection

1. Introduction

[2] Seismic studies show that the base of the Earth’s mantle (the
D" layer) has a complex structure [Young and Lay, 1987; Loper
and Lay, 1995; Lay et al., 1998a; Wysession et al., 1998; Garnero,
2000]. The upper boundary of the D" layer is usually modeled as a
discontinuity characterized by 1.5—3% increase in shear velocities.
Lateral heterogeneities in the D” layer are present on scales as
small as 100—300 km. These are associated either with top-
ography of the D” discontinuity or lateral variations in seismic
velocities in the D" layer [Weber, 1993; Lay et al., 1997; Liu et
al., 1998]. Anisotropy has also been established in many
regions of the D” layer [Lay et al., 1998b; Kendall and Silver,
1996; Matzel et al., 1996; Garnero and Lay, 1997]. This is in a
drastic contrast with the mantle above it, which is isotropic
[Meade et al., 1995] and is characterized by heterogeneities of
much larger scale and smaller amplitude, most likely associated
with the subducting plates [Grand, 1994; Grand et al., 1997;
van der Hilst et al., 1997].

[3] Explanations of such a complex structure of the D” layer
usually involve some kind of convection. A compositionally
dense layer can develop convective instabilities and form a
separate convective system [Montague and Kellogg, 2000]. On
the other hand, small-scale convection can also occur because of
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large viscosity contrasts. The fact that viscosity variations can
play an important role in the dynamics of the thermal boundary
layer was realized in early studies of the D" layer [Loper and
Stacey, 1983]. In particular, it was noticed that when the
viscosity contrasts reach values as high as 10°—10% convective
instabilities occur first in the thermal boundary layer before the
thermal boundary layer as a whole becomes unstable [Yuen and
Peltier, 1980; Christensen, 1984; Olson et al., 1987; Thompson
and Tackley, 1998]. A large, on the order of 1000-2000 K,
temperature contrast across the D” layer [Williams, 1998; Boeh-
ler, 2000], an extreme sensitivity of the viscosity to temperature
variations in the lower mantle [Karato and Li, 1992; Li et al.,
1996; Wang et al., 1999; Ita and Cohen, 1998; Yamazaki and
Karato, 2001], and the distribution of hot spots [Ribe and de
Valpine, 1994] indicate that the viscosity contrast in the D" layer
can be even higher. At such viscosity contrasts, small-scale
convection occurs in the stagnant lid convection regime [Solo-
matov, 1995].

[4] The goal of this paper is to provide quantitative con-
straints on small-scale convection in the D” layer using recently
developed scaling laws for stagnant lid convection [Solomatov
and Moresi, 2000]. The first part of this study describes the
results of numerical simulations with the parameters relevant to
the D” layer. These results agree very well with the scaling
relationships for stagnant lid convection. Then we use these
relationships to estimate various parameters of small-scale con-
vection in a broader parameter range and compare our estimates
with the observed properties of the D” layer.
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2. Model

[5] We use an idealized model similar to that for a conductive
thermal boundary layer. Because of the large scale of the Earth’s
mantle compared to the thickness of the thermal boundary layer,
the mantle can be treated as a half-space which initially has a
constant uniform temperature 7;,. At time ¢ = 0 the temperature of
the lower boundary is suddenly increased by AT, = To — T,
where T is the temperature of the core-mantle boundary (CMB).
This simple initial condition represents a variety of situations. It
can be a moment (1) after the thermal boundary layer nearly has
nearly disappeared as a result of plume formation and starts
growing again (a typical situation for time-dependent convection);
(2) after the thermal boundary layer has been swept away by a
large-scale convective flow (also typical for convection); (3)
after a subducted slab has reached the bottom of the mantle and
starts moving along the core-mantle boundary (a variation of the
previous situation and very similar to cooling and convective
instabilities of the oceanic lithosphere [Davaille and Jaupart,
1994]); and (4) after core formation 4.5 Gyr ago.

[6] Since the geometry does not have any characteristic length,
the equations of thermal convection are convenient to nondimen-
sionalize using /o = [(kn.)/(apgAT, mb)] 2 for the length scale, 75 =
12/ for the timescale, uo = ly/ty for the velocity scale, and AT,
for the temperature scale, where o is the thermal expansion, g is the
acceleration due to gravity, k = k/pc,, is the coefficient of thermal
diffusion, p is the density, & is the thermal conductivity, c, is the
isobaric heat capacity, and m, is the viscosity at 7 = T.

[7] Nondimensional equations of thermal convection with
Boussinesq approximation become

B oty Op

Gu; o

ﬂ-I— g—az_T (3)
o Mox, T o

where x; are the coordinates, u; is the velocity, p and T are the
pressure and temperature perturbations, \; is a unit vector in the

direction of gravity,
8“1' Gu,-
= — + =2 4
Tij Tl(axj + axl_) ( )

is the deviatoric stress tensor, and m is the viscosity. The
nondimensional initial temperature is 7 = 0 and the bottom
temperature is 7 = 1. The bottom boundary is free slip. In
particular, this means that any lateral motion of the layer along the
core-mantle boundary does not affect the solution.

3. Viscosity

[8] The only nondimensional parameters which control convec-
tion are those associated with the viscosity function (the Rayleigh
number, which usually appears in convection equations, is absent).
The viscosity law is an Arrhenius function of temperature:

n=besp (%) 7 (5)

where R is the gas constant, Q is the activation enthalpy, and b is a
numerical constant. Since the height of convective region is very
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Msmall, we neglect the variation of the viscosity with pressure
inside the D” layer, but the value of Q must be calculated at
pressures corresponding to the D” layer.

[9] Uncertainties in Q are high because of poor constraints on
composition, mineralogy, oxygen fugacity, and activation volume.
The activation enthalpy at the bottom of the mantle can probably
be as low as 500 kJ mol™" and as high as 1500 kJ mol™" [Karato
and Li, 1992; Li et al., 1996; Ita and Cohen, 1998; Wang et al.,
1998; Yamazaki and Karato, 2001]. In the numerical simulations
we assume O = 1500 kJ mol™" and consider a wider range later.
Also assuming that the temperature at the bottom of the mantle is
T = 2900 K and that the temperature at the CMB is 7, = 3900 K
[Williams, 1998; Boehler, 2000], the nondimensional viscosity is

A A
= -2 6
n em(T+n) %), (6)

where 4= QR N(T,—T,) ' =180.5and Ty =Ty, (T — T,) ' =2.9
The total viscosity contrast between 7= 0 and 7= 1 is 8.5 x 10°,

[10] The problem is fully described with the help of two non-
dimensional parameters, 4 and 7. However, at such high-viscosity
contrasts, convection is confined to a layer at the bottom boundary,
where the viscosity varies within a factor of 10 or so and the problem
has effectively only one parameter (Frank-Kamenetskii parameter):

0= 'YATcmb , (7)
where
_ 0

For the parameters given above, § ~ 12.

4. Numerical Simulations

[11] The numerical simulations were performed on 128 x 128
mesh using finite element code CITCOM. The time of the
simulations was limited by the criterion that the numerical domain
can be considered as effectively half-space. This means that the
thermal perturbations should not reach the upper boundary and that
the aspect ratio of the convective layer should be large (perhaps >2
[Solomatov and Moresi, 2000]). Figures 1 and 2 show that after a
short period of conductive cooling, the thermal boundary layer
becomes unstable and small-scale convection develops in its lower
part.

5. Scaling
5.1.

[12] The convective region has two secondary thermal boun-
dary layers (Figure 3a). The temperature drop in these boundary

layers is controlled by the rheological temperature scale 6~'. The
temperature drop in the upper boundary layer is

Thermal Boundary Layers

AT, =T, — T, ~2.607", 9)

where T is the temperature at the boundary of the convective
region (defined according to Solomatov and Moresi [2000]) and T;
is the temperature of the convective region (Figure 2). The
temperature drop in the lower boundary layer is

AT =T. - T~ 1.167". (10)

These numbers are in good agreement with the general scaling
laws for convection with large viscosity contrasts which suggest



SOLOMATOV AND MORESI: SMALL-SCALE CONVECTION IN THE D” LAYER

t=6200

XXX AAAY

t=9000

t=11800

t=14600

Small-scale convection in the thermal boundary at the
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Figure 1.
CMB is shown at four different nondimensional times:
6200,9000, 11,800, and 14,600.

0AT, ~ 2.2-2.6 and AT, ~ 1.1-1.3 [Davaille and Jaupart,
1993; Manga et al., 2001; Grasset and Parmentier, 1998;
Trompert and Hansen, 1998; Dumoulin et al., 1999; Solomatov
and Moresi, 2000].

5.2.

[13] Lateral temperature variations are localized mainly near the
convection boundary (Figure 3b). The amplitude of lateral temper-
ature variations grows with time and stabilizes around 1.90"" when
convection becomes strongly chaotic (Figure 4a).

Lateral Temperature Variations

5.3. Topography of the Convection Boundary

[14] The localization of temperature variations near the con-
vection boundary seems to be due to large variations in the
topography of the convection boundary (Figure 5). Although the
scaling laws controlling these variations are difficult to con-
strain [Fowler, 1985], they scale reasonably well with the
average thickness of the convective layer (Figure 4b): Ad ~
0.08d.
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5.4. Heat Flux

[15] After the onset of convection the heat flux remains approx-
imately constant (Figure 2a). As a result, the growth rate d of the
thermal boundary layer also remains approximately constant
(Figure 2b). With nondimensional parameters chosen, the heat
flux scales as

F=0.50"3 (11)
where the coefficient is estimated from our simulations and is in
agreement with 0.5—0.6 reported for stagnant lid convection. Short
intervals of highly variable heat flux are caused by the changes in
the number of convective cells: the growth of the convective layer
makes the convective cells unstable, and they occasionally have to
merge together to form bigger and more stable cells (Figure 1).
Convection eventually becomes chaotic as indicated by fluctua-
tions at the end of our simulations. We should also note that it is
more appropriate to define 0 and the reference viscosity at 7'= Tj;
however, the difference between T; and T, is not essential.

5.5. Conductive Region

[16] A conductive region is developed on top of the growing
convecting layer (Figure 3a). The temperature profile in this region
can be found by solving the thermal diffusion equation with the
moving boundary. In this case, the moving boundary is the
boundary of the convective region where 7'= T :

T = TLexp[fa.’(zf a;t)},

T<T, (12)

where

d=

i (13)

is the velocity of the moving boundary (derived from the
conservation of energy). The effective width of the conductive

0.04
0.03
0.02

Heat flux

0.01

10000 15000
300 T T

TBL thickness

10000 15000

N w
T

—_
T

Convective velocity

0 5000 10000 15000
Time

o

Figure 2. (a) The heat flux at the CMB, (b) the thickness of the
thermal boundary layer (the dashed line shows the conductive
regime), and (c) the flow velocity in the convective region are
shown as functions of time. All parameters are nondimensional.
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(a) The temperature profiles corresponding to the four snapshots in Figure 1. The temperature 77 of the

bottom of the conductive region and the temperature 7; of the convective region are shown with dashed lines. The
dotted line is the exponential temperature distribution in the conductive region (7" < 7 ) predicted by equation (12).
(b) RMS lateral temperature variation as a function of height.

region can be defined as the height at which the temperature drops
to 10% of Ty:

1—1.107"

- (14)

: T,
&, =23d7 ! = 23? =23

The theoretical temperature profiles described by (12) with d =~
0.02 determined from Figure 2b show a good fit to the numerical
profiles in the conductive region (Figure 3a).
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Figure 4. Evolution of (a) RMS lateral temperature variations
normalized by 07!, (b) RMS topography of the convection
boundary normalized by the average thickness of the convective
layer, and (c) RMS CMB topography normalized by a7}5,.

5.6. Convective Velocity

[17] The flow velocity in the convective region increases
linearly with time (Figure 2c), which is in agreement with the
scaling theory:

u = 0.054d0%> = 0.054d10>/* (15)

where d = dt is the thickness of the convective region. The
coefficient is similar to 0.053 for internally heated convection

Normalized D" topography
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Figure 5. Topography of the convection boundary normalized by
the average thickness of the convective layer.
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Figure 6. Topography of the CMB normalized by a7}5;.

and 0.062 for bottom heated convection
Moresi, 2000].

[Solomatov and

5.7. CMB Topography

[18] The CMB topography scales with 4y = aAT}d, (assuming
that the core density is about twice the mantle density at the CMB).
Figures 4c and 6 show that the amplitude of the CMB topography
is roughly & = 2h.

5.8.

[19] In a simple case with a linear temperature gradient across
the layer of thickness d, small-scale convection starts when
[Stengel et al., 1982]

Onset of Small-Scale Convection

d® =20.96*. (16)
This gives d &~ 75. In the numerical simulations, convection starts
at d ~ 60 (Figure 2b).

5.9. Transition to Chaotic Regime

[20] The transition to chaotic regime is poorly constrained, and
it depends on whether the problem is two-dimensional or three-
dimensional. However, a simple criterion based on this and other
studies [Dumoulin et al., 1999] can be suggested: The transition
occurs when the thickness of the convective layer is ~4 times
larger than the critical one for the onset of convection.

6. Summary of Scaling Relationships in
Dimensional Form

[21] A good agreement between the scaling theory for
stagnant lid convection and numerical simulations of this
particular problem implies that we can use these scaling laws
in a broader parameter range. The basic scaling relationships
for small-scale convection described with the viscosity law (5)
in the D” layer can be summarized in dimensional form as
follows:
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[22] For small-scale convection to develop before the thermal
boundary layer becomes unstable as a whole, the viscosity
contrast across the thermal boundary layer must satisfy the
condition (note, however, that this is only approximately valid
for Arrhenius viscosity):

QATemn > 10*.

1
RTn T, (17)

AT] cmb = €XP

[23] Once this condition is satisfied, small-scale convection
starts when the thickness of the thermal boundary layer exceeds
the critical one determined by the following criterion:

B =209— " g

99— 18
OLPgATcmb ( )

[24] The temperature drops in the upper and lower boundary
layers are

AT, =T, — T, =~ 2.6y7", (19)

AT =T, — Ty~ 1.1y7". (20)

[25] The amplitude of lateral temperature variations is
AT ~ 1.9y71 (21)

[26] The amplitude of lateral variations in the thickness of the
convective layer is

Ad ~ 0.08d . (22)
[27] The heat flux at the CMB is
F = 0.5ky~*3 (ﬂ) 1/3. (23)
c
[28] The thickness of the convective region is
Ft (24)

d=—""
pep(Ti = T)

where ¢ is the time elapsed from the beginning of bottom heating.

Although (24) is valid for d > d.,, the deviation from the exact

solution is only ~20% even near the onset of convection (Figure 2b).
[29] The flow velocity in the convective region is

apg\ ¥
u=0.05xdy 23 (—g)
K

Me

(25)

[30] The temperature distribution in the conductive region is

d .
T =Tn+ (TL — T)exp {— — (z — dt)} . (26)
K
[31] The width of the conductive region is
kAT ey (1 —1.107"
b =23—2 it ) (27)

F

[32] The thicknesses of the upper and lower boundary layers are

5, — KATu. (8)
F
kAT,
b="% ‘ (29)
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Figure 7. Various convective parameters as a function of the heat flux at the CMB: (a) the viscosity at the CMB, (b)
the time it takes for the convective boundary to reach 250-km height above the CMB, (c) the flow velocity, (d) the
width of the conductive region on top of the convective layer, (¢) the thickness of the bottom thermal boundary layer,
and (f') the magnitude of topographic undulations. The beginning of the curves corresponds to the onset of small-
scale convection. The solid circle separates quasi-steady state from chaotic regime. The solid curve corresponds to T
=3500 K and Q = 1500 kJ mol~'. The dashed curve corresponds to 7, = 4500 K and Q = 500 kJ mol .

[33] The amplitude of the CMB topography is

h =20AThY. (30)
Extrapolation to non-Newtonian viscosity convection is straight-
forward; however, the results are usually very similar [Solomatov
and Moresi, 2000].

7. Physical Parameters of the D” Layer

[34] To apply nondimensional scaling laws to the D" layer, we
need to choose the physical parameters of the D” layer. One of the
most critical parameters, the activation enthalpy for viscous creep,
was discussed earlier. The prefactor in the viscosity function will
be used as a free parameter. Other physical parameters are chosen
as follows: k = 6 mW m™ > [Hofineister, 1999], ¢, = 1200 kJ kg '
K™', p=5500 kg m ™, g=10.5m s * [Anderson, 1989], k = k/pc,
=91 x 10" m*s ", and a=1.2 x 1073 K~! [Chopelas, 1996;
Gillet et al., 1996].

[35] The heat flux F, from the core is probably larger than the
adiabatic heat flux from the core which is ~30 mW m™>

[Stevenson, 1981] (for the parameters assumed in our model).
This is comparable with the heat flux associated with plumes
[Davies, 1988; Sleep, 1990]. The heat flux from the core can
probably be as high as 100 mW m™>, which is one third of the
total heat loss from the planet, which is ~4.4 x 10'3 W [Pollack
et al., 1993]. This value would still be consistent with the
constraints on the radiogenic heating in the crust and the mantle
[O’Nions et al., 1979] and on the secular cooling of the planet
[Abbot et al., 1994]. For example, this value would explain the
high total heat flux compared to the heating rate due to radio-
active isotopes. In the past, the explanation of the surface heat
flux involved such factors as a higher than chondritic concen-
tration of radioactive elements, layering, and variable viscosity
[Turcotte, 1980; McKenzie and Richter, 1981; Stevenson et al.,
1983; Christensen, 1985; Solomatov, 2001]. Therefore a range
between 30 and 100 mW m~2 will be assumed.

[36] The temperature at the core-mantle boundary is likely to be
between 3500 and 4500 K [Williams, 1998; Boehler, 2000]. The
mantle temperature is probably close to an adiabat, although
slightly superadiabatic (in case of partial mantle layering) or
subadiabatic temperatures are possible (if cold slabs accumulate at
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Figure 8. A graphic representation of equation (17). The curves
T.(Q) show the core-mantle boundary temperature at which the
viscosity contrast across the thermal boundary layer is Aneyn, =
10*. Small-scale convection can occur in the region above the
curve. The three different curves correspond to three values of the
temperature T, at the base of the mantle (2100, 2500, and 2900 K).
The dashed lines show the likely range of 7.

the bottom of the mantle). However, the results are not very
sensitive to 7y, with most of the parameters being independent of
Tr. We will assume T, = 2500 K.

8. Results and Discussion
8.1.

[37] The parameters of small-scale convection are as follows.
The viscosity at the CMB is 1. = 10'*~10** Pa s, the convective
velocity is 4 = 0.1-10 cm y~ ', the thickness of the conductive
region on top of the convective region is & = 100—300 km, the
thickness of the thermal boundary layer at the bottom of convective
layer is §; = 3—30 km, the topography of the CMB due to small-
scale convection is # = 10—300 m, and the temperature variations
in the convective region is 77 = 100—400 K.

[38] The results for two end-member cases are shown in Figure
7. Figure 8 shows the parameter range where the condition (17) for
the existence of small-scale convection is satisfied.

Estimates for Small-Scale Convection in the D” Layer

8.2. D" Discontinuity

[39] Any theory of the D" layer must explain the seismic velocity
increase across the D” discontinuity. In our model, chemical
homogenization within the convective layer can make the convec-
tive region chemically distinct from the mantle above. This implies
that convective boundary is also a chemical boundary. There is no
lack of sources of chemical heterogeneity at the bottom of the
mantle: chemical reactions at the CMB, subducted slabs, and partial
melting and differentiation either in an early magma ocean or later
during planetary evolution [Knittle and Jeanloz, 1991; Wysession et
al., 1998; Tackley, 1998; Morse, 2000]. A convective/chemical
boundary can be extremely sharp. This is consistent with observa-
tions which suggest that the width of the D” discontinuity is <50 km
and could be <8 km in some regions [Wysession et al., 1998].

[40] The observed variations in the thickness of the D" layer,
from 130km [Vidale and Benz, 1993] to 450 km [Kendall and
Shearer, 1994], can be interpreted as variations in the age of the
discontinuity (e.g., since the last episode of large-scale instability)
or lateral variation in the heat flux (e.g., due to lateral variations in
the viscosity by a factor of 70).

[41] The intermittent appearance of the D” discontinuity
[Wysession et al., 1998] can be related to absence or presence
of convection. In some regions the thermal boundary layer
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might be still too thin, and convection has not started yet. In
other regions the viscosity might be too high. Chemical
stratification can also suppress convection in some places
and not in others.

[42] An alternative explanation for the D” discontinuity is a
phase transformation [Nataf and Huard, 1993; Sidorin et al.,
1999]. However, no evidence of phase transformations in the lower
mantle has been found yet [Kesson et al., 1998; Serghiou et al.,
1998].

8.3. Ultralow-Velocity Zone

[43] Can small-scale convection be related to the formation of
the ultralow-velocity zone (ULVZ) at the base of the mantle?
Seismic data indicate that it has a thickness of 5—40 km and P and
S wave velocity reductions of the order of 5-30%, suggesting a
possible partial melting [Garnero and Helmberger, 1995; Mori and
Helmberger, 1995; Williams and Garnero, 1996; Revenaugh and
Meyer, 1997; Vidale and Hedlin, 1998; Wen and Helmberger,
1998].

[44] The thickness of ULVZ is surprisingly similar to the
thickness &, = 3-30 km of the thermal boundary layer at the
bottom of the convective region. However, the observed reduction
in seismic velocities cannot be caused by temperature variations of
only 77 70—370 K and require other factors such as partial melting.
Any melt generated in the D” layer is likely to be denser than the
solid matrix and would accumulate at the bottom of the D" layer
[Knittle, 1998].

[45] The intermittent appearance of the ULVZ suggests that in
some regions this layer is either absent or its thickness is smaller
than a few kilometers. This can partially be attributed to lateral
variations in the heat flux. However, dynamics and differentiation
of a partially molten thermal boundary layer is likely to play a
more significant role. Also, the ULVZ might be due to factors
unrelated to small-scale convection. For example, it can be formed
on the other side of the core-mantle boundary as a result of
accumulation of silicate sediments during solidification of the
Earth’s core [Buffett et al., 2000].

8.4. Lateral Temperature Variations

[46] The length scale of lateral temperature variations is of the
order of the thickness of the convective layer. This is consistent
with seismic data provided that the convective layer approximately
coincides with the D" layer.

[47] The amplitude of lateral temperature variations is 130—
640 K with the largest amplitude obtained for the smallest Q =
500 kJ mol~! and highest 7, = 4500 K. This can account for up
to + 3% shear velocity variations [Duffy and Ahrens, 1992;
Wysession et al., 1992; Wang and Weidner, 1996], although much
smaller values can be obtained using Yuen et al.’s [1993] scaling.
This is only marginally consistent with the observed seismic
velocity variations [Weber, 1993; Lay et al., 1997; Liu et al.,
1998; Castle et al., 2000]. Other factors such as chemical
heterogeneities and anisotropy can be more important for seismic
velocity variations. Chemical heterogeneities are likely to be
present at the bottom of the convective mantle [Christensen,
1984; Davies and Gurnis, 1986; Hansen and Yuen, 1988;
Kellogg, 1997; Tackley, 1998]. Since small-scale convection in
the D” layer is probably not chaotic (Figure 7), lateral mixing is
not very efficient [Kellogg, 1992; Schmalzl and Hansen, 1994;
Ferrachat and Ricard, 1998]. It is conceivable that mixing within
the D" layer occurs mainly on length scales comparable with the
thickness of the convective layer (200—300 km) and the D" layer
remains highly heterogeneous on larger scales. The anisotropy of
the D” layer [Lay et al., 1998b; Kendall and Silver, 1996; Matzel
et al., 1996; Garnero and Lay, 1997] can be due to redistribution
and alignment of partial melt by small-scale convection or
development of lattice preferred orientation in magnesiowlistite
[Wentzcovitch et al., 1998].
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8.5. D" Topography

[48] The amplitude of the topography of the convection boun-
dary is about £20 km for the 250-km-thick convective layer and
+10-35 km for the 130- to 450-km-thick layer. This is the region
with the largest variations in temperature (and composition if the
convective boundary is also a chemical boundary). Therefore the
largest lateral variations in seismic velocities are expected in this
20- to 70-km-thick region, near the D” discontinuity. This is in
agreement with seismic data [Lay et al., 1997].

8.6. CMB Topography

[49] The topography of the CMB +10—400 m is consistent with
seismic constraints indicating that it is less than several hundred
meters thick [Shearer et al., 1998].

8.7. Low-Velocity Gradients Above the D" Discontinuity

[s0] The thickness of the conductive region (130—380 km) is
consistent with the thickness of the low-velocity gradient region
above the D" discontinuity (~300 km). The temperature drop
AT, — 3.7y ~' = 500-1500 K in this region is large enough
to explain ~1% reduction in shear wave velocities over the 300-km
depth range [Wysession et al., 1998].

8.8. Viscosity

[51] The viscosity at the core-mantle boundary is very similar to
the viscosity in the asthenosphere which ranges from 10'® to 10%°
Pa s [Rydelecks and Sacks, 1990; Sigmundsson, 1991; Zandt and
Carrigan, 1993; Fjeldskaar, 1994; Kaufinann and Wolf, 1996;
Pollitz et al., 1998]. Application of stagnant lid convection theory
to small-scale convection in the asthenosphere gives similar
estimates [Davaille and Jaupart, 1994; Doin et al., 1997; Dumou-
lin et al., 1999; Solomatov and Moresi, 2000]. This is consistent
with the idea that the temperature in both regions is close to solidus
provided the mantle viscosity is nearly constant along solidus.

[52] For small-scale convection to occur, the viscosity of the
lower mantle must be at least 10* times higher than the viscosity at
the core-mantle boundary. This implies that mantle viscosity is at
least 1022—10?° Pa s. This is consistent with the estimates of the
viscosity for the lower mantle, 1022-10* Pa s [King, 1995; Cadek
and Fleitout, 1999; Forte and Mitrovica, 2001].

8.9. Instability of the D” Layer

[53] In our numerical example the D" layer has been continu-
ously growing since 0.3—1.3 Gyr ago. Eventually, it would become
unstable [Christensen, 1984; Olson et al., 1987; Thompson and
Tackley, 1998]. The instability of this layer would produce plumes
with ~1000 K temperature contrast, while the temperature contrast
in the plumes is unlikely to be more than 300K [Watson and
McKenzie, 1991]. A chemical boundary layer seems to be neces-
sary to prevent plumes with large temperature contrasts [Farnetani,
1997]. In our model the entire convective layer can be such
chemical boundary layer.

9. Conclusion

[s4] Temperature and viscosity contrasts in the thermal boun-
dary layer at the base of the mantle can be high enough for
convective instability to develop first in the lower part of the
thermal boundary layer before the thermal boundary layer as a
whole becomes unstable. Such small-scale convection can be
related to the origin of lateral heterogeneities and anisotropy in
the D” layer, the ULVZ, and the low-velocity gradients above the
D" discontinuity. It can also enhance chemical mixing within the
convective region and generate a chemical boundary which would
coincide with the convection boundary. This can be one of the
possible origins of the D” discontinuity. Such compositional
layering might also help to reduce the temperature contrasts in
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the plumes which would eventually form as a result of instabilities
of the D” layer as a whole. The small-scale convection model gives
reasonable estimates for various parameters of the D" layer
including the topography of the CMB, the topography of the D”
discontinuity, and the viscosity at the base of the mantle. Lateral
temperature variations due to small-scale convection are margin-
ally consistent with the amplitude of lateral seismic velocity
variations. However, the latter might be easier to explain by other
factors such as topography of the convection boundary, lateral
chemical variations, and anisotropy. The large seismic velocity
drop in the ULVZ cannot be explained by thermal effects alone and
may require melting, which is preferred by various authors. Further
understanding of the structure and dynamics of the D” layer
requires investigation of melting, differentiation, and chemical
mixing in the D” layer. It would also be important to understand
the dynamics of plume formation and the interaction between the
small-scale processes at the base of the mantle and global mantle
dynamics. Finally, we need to understand what role small-scale
convection and large-scale instabilities of the convective layer play
in the thermal evolution of the Earth and other terrestrial planets
and how these affect tectonics, volcanism, and magnetism of the
terrestrial planets.
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