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We continue the exploration of the model space of thermo-chemical convection that we started in a pre-
vious study [Deschamps, F., Tackley, PJ., 2008. Exploring the model space of thermo-chemical convection.
I—Principles and influence of the rheological parameters. Phys. Earth Planet. Inter. 171, 357-373]. In this
second part, we study the influence of the Rayleigh number, the internal heating, the Clapeyron slope
of the 660-km transition, the chemical density contrast between dense and regular materials (buoyancy
ratio), and the volume fraction of dense material. We apply the same analysis and test the chemical and
thermal density distributions predicted by various thermo-chemical models against those predicted by
probabilistic tomography. Varying the reference Rayleigh number within a reasonable range of values for
the Earth’s mantle, we find significant differences in the flow pattern and efficiency of mixing. A Rayleigh
number equal to 1/3 only of the standard value (108) helps to maintain compositional anomalies through-
out the system during a long period of time. The internal heating has no or very little influence on the flow
pattern and the efficiency of mixing. An endothermic phase transition with a (non-)dimensional Clapey-
ron slope lower than —1.0 MPa/K strongly inhibits the mass exchange and thus the efficiency of mixing.
It provides a convenient way to maintain strong compositional anomalies in the lower mantle during a
long period of time. The stability of the layer of dense material is mainly controlled by the buoyancy ratio,
and the influence of the volume fraction of dense material is only of second order. These experiments,
together with those performed in our previous study, suggest that four ingredients may enter a successful
thermo-chemical model of convection for the Earth’s mantle: (1) A buoyancy ratio between 0.15 and 0.25,
which is equivalent to a chemical density contrast in the range 90-150 kg/m?; (2) a large (>10%), thermal
viscosity contrast, which creates and maintains pools of dense material at the bottom of the mantle; (3) a
viscosity contrast at d =660 km around 30; and (4) a Clapeyron slope of the phase transition at d = 660 km
of about —3.0 to —1.5 MPa/K. In addition, pools of dense material can be generated and maintained for a
large range of values of the chemical viscosity contrast, but the detailed structure of the pools significantly
depends on this parameter.
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1. Introduction and Tromp, 1999; Trampert et al., 2004) might be partly compo-

sitional in origin. A successful model of mantle convection (in the

Because the Earth’s mantle includes numerous complexities and
uncertain parameters, the model space of mantle convection is
huge. Comparisons against observational constraints (mainly from
seismology, mineral physics, and geochemistry), reduce the size
of the space of possible models, but so far no consensus could
be reached on a successful model. Recently, a number of studies
pointed out that seismological observations are not fully explained
by temperature variations alone (Karato and Karki, 2001; Saltzer et
al., 2001; Deschamps and Trampert, 2003; Trampert et al., 2004).
The strong density variations observed in the lower mantle (Ishii
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sense that it fits seismological observations) must therefore pre-
dict strong lateral variations of composition in the lower mantle,
and maintain them over long periods of time. In a companion paper
(Deschamps and Tackley, 2008), we started an extensive search in
the model space of thermo-chemical convection to identify ingre-
dients that are needed to maintain compositional anomalies in the
lower mantle, and found that a moderate compositional viscosity
ratio and a strongly temperature dependent viscosity are two of
these ingredients. In the present paper, we continue this search and
explore the influence of physical (Rayleigh number, internal heat-
ing, 660-km phase transition) and compositional (buoyancy ratio
and fraction of dense material) parameters.

The Rayleigh number, Ra, controls the vigor of convection. When
complexities like variable viscosity and depth-dependent thermal
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expansion are accounted for, the definition of the Rayleigh number
is not trivial. One usually defines a reference Rayleigh number, Ras,
using reference values (e.g., surface values) of the parameters. Of
course, one expects the mixing between dense and regular materi-
als to be more efficient with increasing Ras. Because of uncertainties
in mantle properties (mainly its viscosity), however, possible val-
ues for the Rayleigh number of the Earth’s mantle may vary
within one order of magnitude, and it is important to quantify this
effect.

In the case of purely thermal convection with mixed heating,
increase in the amount of internal heating, Hc, is known to reduce
the strength of the bottom thermal boundary layer (e.g., Travis
and Olson, 1994; Sotin and Labrosse, 1999; McNamara and Zhong,
2005). Thermal plumes are less vigorous, and if internal heating
is large enough they do not reach the top of the system. It is
important to check whether similar effects are also observed in
thermo-chemical convection.

The 660-km discontinuity is associated with the transforma-
tion of ringwoodite into perovskite and magnesio-wiistite, which
has a negative Clapeyron slope. The effect of an endothermic phase
transition on thermal convection has been extensively studied in
various geometries (e.g., Christensen and Yuen, 1985; Machetel and
Weber, 1991; Tackley et al., 1993, 1994; Solheim and Peltier, 1994;
Yuen et al., 1994). An endothermic phase change strongly modi-
fies the flow pattern, the main change being the reduction of mass
exchange between the upper and lower mantle. There are how-
ever significant differences between the patterns observed by 2D-
and 3D-simulations. The former predict intermittent layering with
slab avalanches occurring from time to time. The later, on the con-
trary, predict that the flow is never completely layered, with slab

Table 1
Parameters and scallings.

avalanches occurring not necessarily at the same location, but at
any time.

The two important compositional parameters are the buoyancy
ratio B (i.e., the chemical density contrast between dense and regu-
lar material relatively to the total thermal density contrast), and the
volume fraction of dense material, X. The buoyancy ratio controls
the amplitude of the deformation of the dense layer (e.g., Davaille,
1999; McNamara and Zhong, 2004; Jaupart et al., 2007). Variations
in B lead to different patterns, from a stable layer (large B), to a
fully unstable layer (small B). Furthermore, analogical experiments
(Jellinek and Manga, 2002) suggest that the presence of a dense
layer at the bottom of the system controls the location of ther-
mal plumes. Linear stability analysis and analogical experiments
(Jaupart et al., 2007) and numerical experiments with spherical
geometry (McNamara and Zhong, 2004) suggest that the effects
of the volume fraction are of second order compared to those of the
buoyancy ratio.

Gathering the results from these new series of experiments and
from our companion paper, we identify sensitive parameters and
their possible values for the Earth’s mantle. Interestingly, these
values are consistent with additional, independent geophysical
constraints.

2. Numerical modeling and results analysis
2.1. Numerical modeling
As in our companion paper, numerical experiments are per-

formed with a 3D-Cartesian version of STAG3D (Tackley, 19983,
2002). All runs are stopped at non-dimensional time t=0.0106,

Parameter Symbol Value Units Non-dimensional
Non-dimensional parameters

Reference Rayleigh number Ras 106-10°
Buoyancy ratio B 0.1-0.5
Volume fraction of dense material X 0.05-0.30
Initial thickness of the dense layer hpr 0.05-0.30
Surface dissipation number Dis 1.2
Volume average dissipative number Di 0.43

Total internal heating Hc 0-130 mW/m? 0-50
Compositional heating ratio RH¢ 10

Physical and thermo-dynamical parameters (dimensional)

Acceleration of gravity g 9.81 ms—2 1.0
Mantle thickness D 2891 km 1.0
Super-adiabatic temperature difference ATs 2500 K 1.0
Reference adiabat Tas 1600 K 0.64
Surface density Ps 3300 kg/m3 1.0
Bottom density Phot 5115 kg/m?3 1.55
Density jump at z=660 km A peso 400 kg/m? 0.1212
Surface thermal expansion os 5.0 x 10~3 K-! 1.0
Surface thermal diffusivity Ks 6.24 x 1077 m2s! 1.0

Heat capacity Cp 1200 Jkg 1K1 1.0
Surface conductivity ks 3.0 Wm!K-! 1.0
Surface Griineisen parameter Vs 1.091

Clapeyron slope at z=660 km r —4.6 t0 0.0 MPa/K ~12x 107" to 0.0
Viscosity law

Surface thermal viscosity s 1.6 x 10! Pas 1.0
Viscosity ratio at z=660 km Riteso 30

Compositional viscosity ratio Rytc 10y22

Thermal viscosity ratio Ryt 12

Vertical viscosity ratio Ry, 10

Dimensional scallings

Velocity v 1.0 cm/year 1468
Time t 424 Gyr 1.0

Heat flux (0] 2.6 mW/m? 1.0
Internal heating rate H 2.72x10°13 Wkg! 1.0

2 Except for the combined models in Section 5, for which Ryt =108, and 10-2 < Ry < 10%.
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which correspond to a dimensional time equal to 4.5 Gyr. The size
of the box is 4 x 4 x 1, with 128 points in each horizontal direction,
and 64 points in vertical direction (the grid spacing is vertically
refined at the top and bottom of the system). Resolution tests for
STAG3D with particles tracers were performed by Tackley and King
(2003). We performed additional tests for selected cases with verti-
calresolution up to 96 points, but did not find significant differences
in the time evolution of thermo-chemical structures. In particu-
lar, for models with large thermal viscosity and endothermic phase
transition at 660 km, large thermo-chemical pools are generated
whatever the vertical resolution we considered, and survive con-
vection.

The system is heated both from the bottom and from within,
and the internal heating rate is varied between 0 and 50, which is
equivalent to dimensional heat flow between 0 and 130 mW/m?.
We accounted for the possibility that the MORB source region is
depleted in radiogenic elements by increasing the heating rate of
dense material by a factor 10 (RHc = 10). The mantle heating rate
is then adjusted to obtained the prescribed total heat production.
Compressibility induces additional sources and sinks of heat that
are controlled by the dissipation number, Di. This number depends
on the thermal expansion and thus varies with depth. In all our cal-
culations, the surface and volume average values of the dissipation
number are Dig =1.2 and (Di) = 0.43, respectively.

The conservative equations require definition of reference
radial profiles for the density, the thermal expansion, and the
temperature. These profiles are calculated using appropriate ther-

Reference case

modynamic relationships (Tackley, 1996, 1998a). Density and
thermal expansion are scaled with respect to their surface value,
and temperature with respect to the super-adiabatic temperature
difference across the system ATs (Table 1).

The viscosity depends on depth and composition, but not on
temperature (except the combined models in Section 5, for which
the thermal viscosity ratio is Ryt = 10%). Viscosity increases expo-
nentially with depth following 1(z) = exp(2.303z) (i.e., a bottom to
top contrast of Ry, =10), and an additional contrast of Ruggg =30
is imposed at d =660 km (z=0.228). The dense material is less vis-
cous than the regular material by two orders of magnitude (except,
again, for the combined models, for which we considered various
values of the compositional viscosity ratio). Because thermal expan-
sion and viscosity are not uniform, the definition of the Rayleigh
number is non-unique. In the present study, we prescribed a ref-
erence Rayleigh number, Ras, calculated from the surface values of
density and thermal expansion (Table 1), and from the viscosity
value at non-dimensional depth z=0 and non-dimensional T=0.9.
We performed experiments for values of Ras in the range 106-10°.
This reference Rayleigh number does not vary with time. On the
contrary, the effective Rayleigh number, measured in the well-
mixed interior, is time-dependent. Because the viscosity increases
with depth and the thermal expansion decreases with depth, this
Rayleigh number is smaller than Ras.

The compositional field is modeled with a collection of particle
tracers (Tackley and King, 2003). We defined two types of particles,
for dense and regular material, respectively, and used a total of 10

t=1.4x10"

Fig. 1. Two snapshots of the reference case. (a-d) The ‘piles’ pattern, at t=1.4 x 10~3 (0.6 Gyr). (e-h) A bit before the mixing time, at t=4.8 x 10-3 (2.0 Gyr). (a, b and e, f)
Isosurface of the concentration in dense particle, with contour level C=0.5. (¢, d and g, h) Isosurfaces of the non-dimensional temperature (relative to average), with contour
levels T— (T) = —0.15 (blue) and T— (T) =0.15 (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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million particles in each experiment. The fraction of dense mate-
rial, X, is controlled by prescribing the fraction of dense particles.
We varied this parameter between 5 and 30%. The compositional
field is obtained by calculating the concentration C of dense par-
ticles in each cell. C varies between 0 for a cell filled with regular
material only, and 1 for a cell filled with dense particle only. Dense
particles are initially concentrated at the bottom of the box in a layer
of non-dimensional thickness hp;. For geometrical reasons, hp is
numerically equal to the initial volume fraction of dense material,
X. The density difference between the dense and regular materials
is controlled by the buoyancy ratio:

Apc(z)

B= 2P2)
aspz ATs

(1
where «s is the thermal expansion at zero pressure, and p; is the
average density at depth z, and ATs is the super-adiabatic temper-
ature difference across the system. The chemical density contrast
creates a negative buoyancy that opposes the positive buoyancy
due to the thermal density contrast Apr=asp; ATs. We carried
out experiments for buoyancy ratios between 0.1 and 0.5. Taking
as=5.0x1072 K1, ppor=5115kg/m3 (value at the bottom of the
system) and ATs=2500K, the density contrast between dense and
regular material thus varies between 64.0 and 320.0 kg/m3.

The 660-km phase change is modeled with a discontinuous
phase transition that is controlled by defining a point on the phase
boundary and a Clapeyron slope, I". We imposed z=660km and
T=1900K as anchor point, and varied the Clapeyron slope between
—3.2 and 0 MPa/K. The Clapeyron slope is scaled with

_ psgh

T ATs
where g is the gravity acceleration and D is the mantle thickness.
Taking ps = 3300 kg/m3 and ATs =2500K, we have "¢ =38.2 MPa/K.
The density contrast at the phase transition is A pggo =400 kg/m3
and is scaled with the surface density. A measure of the strength of
the phase transition is the phase buoyancy ratio P, i.e. the ratio of the

Iy

(2)

Non-dimensional time (10 )

buoyancy induced by the phase transition to the thermal buoyancy:

(1" ATpt Appt)/ pprgD " Appt

= , (3)
ptpt ATpt aptppgD

where o, Ppt, A ppt, and ATy, are the thermal expansion, density,
density jump, and temperature difference at the phase tran-
sition. The thermodynamic reference model we used indicate
that aggo/as =0.44 and pggo/ s =0.12. Taking as=5.0 x 107> K1,
0s =3300kg/m3, and Apggo =400kg/m3, the range of values of
Clapeyron slope we explored leads to values of P between —0.04
and 0.

The thermal initial condition consists in superposing random
anomalies of temperature to a geotherm issued from 2D calcula-
tions with similar properties to the 3D ones. This allows reducing
the transient phase during which the dense layer heats up, and has
only small consequences on our calculations. In the reference case
(see below), for instance, the onset of instability of the dense layer
is slightly delayed in time and thermo-chemical plumes are slightly
less vigorous.

2.2. Results analysis

We focused our analysis on the mapping of thermal and chemi-
cal anomalies and their time evolution. These are of course closely
related to the flow pattern. Our analysis is based on several obser-
vations.

First, model parameters influence the stability of the bottom
layer of dense material. We estimated the time for the onset of
instability of this layer (tonset) from the average depth of dense
material, (hc), which varies between hp /2 (numerically equal to
X/2, where X is the initial volume fraction of dense material) for a
stable layer, and 1/2 for a well-mixed system. A sharp increase of
(hc) from its initial value X/2 clearly indicates that the dense layer
became unstable.

Non-dimensional time (10?)
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Fig. 2. Influence of the reference Rayleigh number, Ras. (a) Average depth of dense material, (hc), as a function of time and for various values of Ras. (b) RMS of the flow
velocity as a function of time and for various values of Ras. (c) Estimated mixing time as a function of Ras. (d) Time average RMS of the flow velocity as a function of Ras. Note
that for Ras < 7.0 x 108, the whole system remain stable during the entire duration of the run. In plots (c) and (d), the reference case is indicated by the red diamond. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Power of chemical (three top rows) and thermal (three bottom rows) density anomalies as a function of time and for various values of the reference Rayleigh number,
Ras. Anomalies are averaged within three layers (660 <d < 1200 km, 1200 < d <2000 km, and 2000 < d <2891 km), and we considered three spherical harmonics (L=2, L=4,
and L =6). Gray bands indicate the power spectrum predicted by RT246g within twice its standard deviation.

We then estimated the mixing time from the evolution of the
variance in the compositional field, var(t). First, we calculated the
time integral:

trun
E= / {1
0

where tyyn is the run duration. The function e(t) = 1 — var(t)/var(t=0)
varies between 0 and its statistical limit:

var(t)

" var(t = O)} dt, (4)

(5)

where npa;t and N are the number of particle tracers and the number
of cells, respectively. We then compared the integral E to that of the

function:
) o g2 XD 6
g ( t ) emax& [exp() 1]2 , (6)

where £ =(ty/t)15, and t is the time at which g(&) reaches 92% of its
maximum value, emax (Eq. (5)). The reason we modeled e(t) with
g(&) is briefly discussed in our companion paper (Deschamps and
Tackley, 2008). The mixing time t,;y is finally defined as the value
of ty that fits Eq. (4) at best. This approach allows estimates of the
mixing time even if mixing is not completed before ty,. In cases for
which mixing is completed before ty,, the calculated mixing time
agrees well with the observed time at which e(t) reaches 92% of
its statistical limit (Deschamps and Tackley, 2008). However, when
mixing is strongly inhibited, our approach poorly estimates the
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mixing time. Such cases include models with large (>0.35) values
of the buoyancy ratio, for which the dense layer remains stable, and
models with large values of the 660-km transition Clapeyron slope,
for which dense material is filtered at d =660 km.

An alternative measure of mixing efficiency is the time average
of the average altitude of dense material, (h¢), which varies between
1/2 (the dense and regular material are well mixed during the entire
run) and hpy /2 (the layer of dense material remain stable during the
entire run). It is convenient to normalize this average altitude using
its upper and lower bounds:

_ 2(h¢) — hpy

(= )

The RMS of the flow velocity, RMS(v), and its time average,
(RMS(v)),, provide good estimates of the amplitude of the flow
velocity, and thus give indirect estimate of the mixing efficiency.
Note that the bulk Lagrangian strain rate may also be used for simi-
lar purpose (Coltice, 2005). In most cases, the onset of instability is
followed by a sharp increase in RMS(v), up to a maximum value that
depends on the model parameters. RMS(v) then decreases again and
oscillates around a constant value during the rest of the experiment.

At each time step, we calculate the lateral density anomalies due
to lateral variations in temperature and composition. Thermal and
chemical density anomalies are relative to radial density profiles
derived from the radial profiles of temperature and composition,
respectively. First order properties of the thermo-chemical struc-
ture of the flow, e.g., the presence of a stable layer of dense material,
or two-layered convection, can be deduced from the radial profiles
of average composition and temperature and of the RMS of den-
sity anomalies. Spectral heterogeneity maps (SHM) of chemical and
thermal density anomalies provide more detailed information on
this structure. Furthermore, to test our models of thermo-chemical
convection against seismic tomography, we converted the Fourier
power spectra of the density anomalies into spherical harmonics
power spectra following Chevrot et al. (1998). These comparisons
also require radial averaging of the convection models according
to the vertical parameterization of the tomographic model (in our
case, RT246g (Trampert et al., 2004), which includes three layers in
the lower mantle).

2.3. Reference case

For comparison, we defined a reference case with the following
properties. The mantle non-dimensional heating rate is equal to
25 (equivalent to a dimensional heat flow of 65 mW/m?2), and the

1_0\||w|:|1w||r|||r|1|‘||\\$1_5
£ o o © © o §

-
o P i
= 0.8 [ | ﬁ\;u
GE’ r -1.0
o |72
=l L J y vl
= f L . I
£ 04 1 =
- — “05 2
= r | ® Mixing time 1
E %2 |o <RMS)>, ]
oo F ]
oo+ v v vty by v b B g
0 10 20 30 40 50

H,

c

Fig. 4. Influence of internal heating, Hc. Plain and open circles show the estimated
mixing time and the time average RMS of the flow velocity, respectively, as a function
of Hc. The reference case is indicated by the red diamond. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Fig. 5. Influence of the Clapeyron slope at d=660km, I"go. (a) Average depth of
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of the flow velocity as a function of time and for various values of I'ggo. (c) Time
average RMS of the flow velocity as a function of I"ggp. In plot (¢), the reference case
is indicated by the red diamond. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

Rayleigh number is equal to 108. The buoyancy ratio and volume
fraction of dense material are B=0.2 and X=10%, respectively. The
Clapeyron slope of the 660-km transition is set to zero. Note that the
parameters of the viscosity law are the same for all the calculations
shown in this paper, with values listed in Table 1.

After the onset of instability of the layer of dense mate-
rial, at tonset ~0.9 x 1073 (0.4 Gyr), large thermo-chemical plumes
rise from the dense layer and entrain dense material upwards
(Fig. 1a-d). This ‘piles’ pattern explain probabilistic tomography
well (Deschamps et al., 2007), but is short-lived, about §t ~10-3
(0.4Gyr) (Deschamps and Tackley, 2008). The thermal plumes,
on the contrary, remain present until the end of the run. Dense
and regular material quickly mix, with an estimated mixing time
tmix =5.0 x 1073 (2.1 Gyr) (Fig. 1e-h). As a result, the amplitude of
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Te60 = -2.3 MPa/K (-6.0x102)

10 00 10 20
RMS(dInp(C))

t=7.6x10

00 10 20
RMS(dInp(T))

Fig. 6. Snapshot of the case I"go = —2.3 MPa/K (i.e., a non-dimensional value of —6.0 x 10-2) at t=7.6 x 103 (3.2 Gyr). Other parameters are Ras = 108, Hc = 25 (corresponding
to Py =65 mW/m?), B=0.2, and X=10%. (a and b) Isosurface of the concentration in dense particle, with contour level C=0.5. (c and d) Isosurfaces of the non-dimensional
temperature (relative to average), with contour levels T— (T) = —0.15 (blue) and T— (T) =0.15 (red). (e) Spectral heterogeneity map (SHM) of the chemical density anomalies,
dIn pc. (f) SHM of the thermal density anomalies, d In pr. SHMs are plotted with both a color scale and contour levels (red curves, interval is 0.2). h is the non-dimensional
altitude. (g) Profile of the horizontally average concentration in dense particle, C. (h) Profile of the RMS of the chemical density anomalies d In pc. (i) Profile of the horizontally
average non-dimensional temperature, T. (j) Profile of the RMS of the thermal density anomalies d In pr. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

the lateral variations of composition rapidly decreases with time.
The reference case is thus unable to maintain lateral anomalies of
composition over a long period of time.

3. Influence of physical parameters
3.1. Rayleigh number

We first explored the influence of the Rayleigh number, varying
Ras between 10 and 10°. As one would expect, the time for the

onset of instability, tonset, increases with decreasing Ras (Fig. 2a). If
the prescribed Ras is too small, the whole layer remains stable dur-
ing the entire run. Of course, the critical Rayleigh number depends
on the input parameters, mainly the parameters of the viscosity
law. For values similar to those of the reference case, we found that
the critical Rayleigh number is around 7.0 x 106. This value may
sound a bit large, but one may recall that the presence of dense
material at the bottom of the system and the decrease of thermal
expansion increase the stability of the system. Convection gets more
vigorous with increasing Rayleigh number and unsurprisingly, the
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Fig. 7. Same as Fig. 3, but for various values of the Clapeyron slope at z=660 km, I"ggp.

mixing between dense and regular material is more efficient (Fig. 2c
and d). For instance, the values of the estimated mixing time, tx,
and of the time average of the RMS of the velocities, (RMS(v)),, for
Ras =6.0 x 108 are smaller than those for Ras = 108 (reference case)
by a factors 4 and 2, respectively. As in the reference case, the onset
of instability is followed by the rise of thermo-chemical plumes.
The duration of this episode decreases with increasing Ras. Lat-
eral variations of composition at low Ras are maintained during
longer periods of time than at high Ras, and the power spectra of
these compositional anomalies decreases with time more smoothly
(Fig. 3).

A typical value of Ras for the Earth’s mantle is 108. This value is
derived from the data reported in Table 1, but due to uncertainties
in some parameters (mainly, the uppermost mantle viscosity, ther-
mal expansion and thermal diffusivity) it is reasonable to consider

values of Ras between 3.0 x 107 and 3.0 x 108, The series of experi-
ences presented in this section show that the efficiency of mixing
significantly varies within this range of values. In particular, a value
of Ras close to the lower bound (e.g., due to an upper mantle viscos-
ity larger than the usual value by a factor 3) would help maintaining
compositional anomalies in the lower mantle for a long period of
time, and explain probabilistic tomography better.

3.2. Internal heating

We have then varied the amount of internal heating between
0 and 50 (equivalent to a heat flux of 130 mW/m?), but did not
find substantial differences depending on this parameter. For all the
values of Hc we explored, the flow pattern and its time evolution
are similar, with large thermo-chemical plumes generating early in
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Fig. 8. Same as Fig. 2, but for various values of the buoyancy ratio, B.

the run history (see reference case). (RMS(v)),, is nearly constant
with H¢ (Fig. 4, open dots). Variations in ty,jx with Hc are very small
(Fig. 4, black dots), and mixing is efficient in all cases. We conducted
additional experiments for buoyancy ratios B=0.1 and 0.4 and three
values of the internal heating (0, 25, and 50), and found that the
variations in tyjx and (RMS(v)), with Hc are still very small.

Numerical experiments of purely thermal convection in various
geometries showed that the presence of internal heating strongly
reduces the vigor of thermal plumes (Travis and Olson, 1994; Sotin
and Labrosse, 1999; McNamara and Zhong, 2005). By contrast, the
results of our experiments suggest that the amount of internal heat-
ing does not significantly influence thermo-chemical convection.
This disagreement may be explained by the fact that part of the
energy provided by internal heating is used as potential energy for
the particles of dense material. In addition, because we imposed a
compositional heating ratio (RH¢) of 10, part of internal heating may
also be used to heat up the dense material. These explanations are
consistent with the observation that the surface heat flow is smaller
than the sum of the bottom and internal heating heat flows.

3.3. Phase transition at z=660 km

We conducted numerical experiments with Clapeyron slope
I'ggp of the phase transition at d =660 km (i.e., a non-dimensional
altitude h=0. 771) between -4.6 and OMPa/K (i.e., non-
dimensional values between —1.2 x 10~! and 0). In agreement with
previous studies (Christensen and Yuen, 1985; Machetel and Weber,
1991; Tackley et al., 1993, 1994; Solheim and Peltier, 1994; Yuen
et al., 1994), we find that the presence of an endothermic phase
transition with low enough (<—1.5 MPa/K, i.e. a non-dimensional
value of —4.0 x 10~2) Clapeyron slope inhibits the mass exchange
between the upper and lower layers. Furthermore, the RMS of
velocity strongly decreases (Fig. 5, plots b and c). Consequently,
mixing between dense and regular materials is much less effi-
cient, as indicated by the time evolution of the average altitude
of dense material, (hc) (Fig. 5a). Note that the mixing time esti-
mated by Eq. (4) is not accurate in this case, because the function
e(t)=1—var(t)/var(t=0) do not fit Eq. (6) well.

The influence of phase transition on cold downwellings and on
hot plumes is radically different. Cold downwellings are temporally
stacked above the phase transition. When the mass of accumulated
cold material is large enough, this accumulated material crosses
the phase boundary and sinks to the bottom of the system. These
avalanches are locally intermittent, but at any time of the run
there is one occurring somewhere. The system is thus never fully
stratified. Hot plumes rising from the bottom, on the contrary, are
stopped below the phase transition, and smaller, secondary plumes
are generated above the phase transition, as suggested by the tem-
perature profile (Fig. 6i). The upward mass transfer is strongly
inhibited, and most of the dense material remains trapped below
the phase transition during a long period of time (Fig. 6, plots a
and b). Filtering effects have been previously noted in 2D-Cartesian
geometry (Weinstein, 1992). The dense material concentrates along
hotridges that interconnect the hot plumes, leading to large holes in
the initial layer of dense material. Interestingly, the phase transition
is not strictly impermeable and small amounts of dense material are
entrained upwards by secondary plumes. Permeability increases
with decreasing absolute value of the Clapeyron slope. In the case
Iee0 = —1.5 MPa/K (—4.0 x 10~2), for instance, mixing is nearly com-
pleted by the end of the run, as indicated by the time evolution of
(h¢) (Fig. 5a). In the case I'ggp=—2.3 MPa/K (—6.0 x 10-2), on the
contrary, (h¢) only reaches 0.4 by the end of the run, meaning that
dense material is distributed nearly completely below the phase
transition.

An important consequence of trapping the dense material in the
lower mantle is to create strong chemical density anomalies at the
bottom of the system (z> 0.85), and moderate ones below the phase
transition (Fig. 6, plots e and h). Moderate thermal density anoma-
lies are also present at the bottom of the system and below the
phase transition (Fig. 6, plots f and j), but the strongest thermal den-
sity anomalies are seen at the top of the system. These anomalies
are maintained for a long period of time, and their power spectra
fit very well those predicted by probabilistic tomography (Fig. 7),
even in the layer 660-1200 km. Note however that a Clapeyron
slope lower than —2.7 MPa/K (—7.0 x 10~2) is not desirable because
it keeps dense material at the very bottom of the system. As a con-
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Fig. 9. Same as Fig. 3, but for various values of the buoyancy ratio, B.

sequence, the power of chemical density anomalies for depths in
the range 0.23 <z<0.85 (660 <d <2500km) is small and does fit
probabilistic tomography, even for spherical harmonic degree 2.
We did not account for the olivine to wadsleyite phase transi-
tion at the d =410-km depth. Because this transition is exothermic,
it may partly balances the effects of the 660-km transition. How-
ever, its phase buoyancy parameter is likely much smaller than
that of the 660-km transition (assuming that this transition is well
approximated by the transformation of ringwoodite into perovskite
and magnesio-wiistite). First the amplitude of the Clapeyron slope
410-km phase transition is smaller than that of the 660-km phase
transition, between 1.5 and 2.5 MPa/K (Katsura and Ito, 1989). Note
that Bina and Helffrich (1994) proposed a slightly larger value,
3.0 MPa/K, i.e., comparable to that at 660-km. Second, the relative

density jump at 410 km is only half that at 660 km. Finally, the ther-
mal expansion decreases with depth, i.e. that the thermal buoyancy
(for a given temperature change) is larger at 410 km than at 660 km.
Numerical experiments (Tackley et al., 1994) confirmed that the
effect of the 410-km phase transition are small compared to those
of the 660-km transition.

4. Influence of compositional parameters

4.1. Buoyancy ratio

We varied the buoyancy ratio in the range 0.1-0.5, which accord-
ing to the scalings in Table 1 is equivalent to density contrasts



F. Deschamps, PJ. Tackley / Physics of the Earth and Planetary Interiors 176 (2009) 1-18 11

B=0.3 t=9.3x1

Fig. 10. (a-f)Snapshot of the case B=0.3 at t=9.3 x 103 (3.9 Gyr). Other parameters are as in the reference case (Ras = 108, Hc =25, X = 10%, and I"gs0 = 0). (a and b) Isosurface of
the concentration in dense particle, with contour level C=0.5. (c and d) Isosurfaces of the non-dimensional temperature (relative to average), with contour levels T — (T) = —0.05
(blue) and T— (T) =0.05 (red). (e) Spectral heterogeneity map (SHM) of the chemical density anomalies, d In p.. (f) SHM of the thermal density anomalies, d In pr. SHMs are
plotted with both a color scale and contour levels (red curves, interval is 0.2). h is the non-dimensional altitude. (g-1) Snapshot of the case B=0.4 at t=9.3 x 103 (3.9 Gyr).
Other parameters are as in the reference case (Ras =108, Hc =25, X=10%, and I"gs0 = 0). Plots description is similar to that for plots (a—f). In plots (i) and (j), contour levels for
temperature isosurfaces are T— (T) =—0.05 (blue) and T— (T) = 0.05 (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 11. Normalized time average of the average depth of dense material, ¢ (Eq. (7)),
as a function of the Buoyancy ratio, B, and the fraction of dense material, X. The value
of ¢ is denoted by the gray-level scale.

B=0.25X=04

between 40.0 and 210.0 kg/m3 close to the surface, and between
64.0 and 320.0 kg/m?3 at the bottom of the system. As expected, we
observed major changes in the flow pattern and mixing efficiency
depending on B.

For buoyancy ratio less than 0.22, we observe patterns similar to
the reference case. The dense layer is unstable, and topset increases
with B (Fig. 8a). After the onset of instability, large thermo-chemical
plumes develop and remain active for short interval of time (8t
~10-3). Dense and regular materials quickly mix (Fig. 8d), and con-
sequently, the power spectra of chemical density anomalies do not
fit those from probabilistic tomography in the long term (Fig. 9).
Note that the thermal plumes remain present and stay at the same
location during the entire run.

For buoyancy ratio between 0.25 and 0.35, on the contrary, the
dense layer does not participate actively to convection. Rather, ther-
mal plumes that rise from its top induce some thermal erosion that
entrains dense material upwards. Thermal plumes are smaller and
more numerous than in the reference case, and they are intercon-
nected by hotridges (Fig. 10, plots cand d). Again, in agreement with
analogical experiments (Jellinek and Manga, 2002), we observe that
the location of these thermal plumes does not vary during the
run. As expected, the efficiency of thermal erosion decreases with
increasing B (Fig. 8c; see also the evolution of (h¢) for B=0.25 and
0.30 in Fig. 8a). Because it is mainly controlled by convection in
the layer of regular material, (RMS(v)), velocity does not vary much

0.2

Fig. 12. 2D-slices of the temperature residual, T— (T), at different times, and for two cases. Temperature residuals are plotted with both a color scale and contour levels (green
curves, interval is 0.1). (a—e) B=0.25 and X=0.4. (f-j) B=0.3 and X=0.4. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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with B (Fig. 8d). At large time, thermal erosion results in holes in
the layer of dense material (Fig. 10, plots a and b). This induces
strong chemical density anomalies up to large (k=4) wave num-
ber at the bottom of the system (z> 0.85) (Fig. 10e). As a result, the
power spectra of density anomalies in this layer (Fig. 9, 3rd row) fit
well those from probabilistic tomography. On the contrary, because
most of the dense material remains in the lowermost part of the sys-
tem, power spectra in the intermediate and upper layers strongly
disagree with probabilistic tomography at any time of the run.
Finally, for buoyancy ratio larger than 0.35, the layer of dense
material remains stable during the entire run (Fig. 10, plots g and
h). Thermal erosion is also present, but does not entrain enough
dense material to create holes in the initial dense layer. The aver-
age altitude of dense material thus remains around 0.05 during the
whole run (Fig. 8a), and strong chemical density anomalies local-

A combined model

ized at the top of the dense layer (Fig. 10k). Plots g and k in Fig. 10
indicate that the topography of the top of the dense layer is not
negligible, around &h =0.1. Topography is of course correlated with
the hot ridges and the base of thermal plumes. This pattern is very
similar to that we observe by increasing the chemical density con-
trast (Deschamps and Tackley, 2008) except that thermal plumes
are larger, and that there is more topography at the top of the layer
of dense material.

Clearly, the buoyancy ratio has a dominant role on the flow pat-
tern and on the efficiency of mixing. Large (>0.25) buoyancy ratios
induce stable layering. Thermal erosion creates moderate topog-
raphy, which, if buoyancy ratio is not too high, results in holes in
the dense layer, but most of the chemical density anomalies are
localized in the lowermost part of the system. Another interesting
observation, in agreement with analogical experiments (Jellinek

(B=0.2, Ru = 0.5, Ruy = 108, Rpge = 30, Tggy = -2.5 MPa/K)
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Fig. 13. Snapshot at time t=1.0 x 10~2 (4.2Gyr) of a model that combines important ingredients for mantle convection: B=0.2, Ru.=0.5, Rt =108, Rueso =30, and
Igso =—2.5MPa/K (i.e., a non-dimensional value of —6.68 x 10~2). Other parameters are as in the reference case: Ras =108, Hc =25, and X =10%. Plots description is simi-
lar to that in Fig. 6. In plots (c) and (d), contour levels for temperature isosurfaces are T— (T) = —0.225 (blue) and T — (T) =0.15 (red). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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and Manga, 2002), is that the thermal plumes are spatially fixed
whatever the value of B. More generally, this feature is also observed
when additional complexities (e.g., the 660-km phase transition,
compositional and thermal viscosity contrasts) are accounted for
in the models.

4.2. Fraction of dense material

Finally, we considered values of the volume fraction of dense
material, X, between 5 and 30%. Fig. 11, which plots the normalized
time average of the mean altitude of dense material (¢, Eq. (7)) as
a function of B and X, suggests that the effect of X is of secondary
order compared to that of B.

For B<0.2, the dense layer is getting unstable for all the val-
ues of X we considered, and the efficiency of mixing varies very
little with X. On the contrary, for B> 0.3 the density contrast is
strong enough to prevent the dense layer from getting unstable.
In the case B=0.3 and X=0.3, for instance, the layer of dense
material remains present during the entire run (unlike the case
B=0.3 and X=0.1, Fig. 10, plots a and b, thermal erosion is not
efficient enough to create some holes). Additional experiments
(not plotted in Fig. 11) for B=0.3 and 0.4 show that the layer
is still stable for X=50%. For intermediate values of the buoy-
ancy ratio (e.g., B=0.25), we observe a regime change around
X=0.2-0.25. For X <0.2, mixing results from thermal erosion, and
¢ is in the range 0.4-0.5. On the contrary, for X >0.25, the dense
layer breaks up and starts to mix with the regular material. ¢ is
around 0.75, i.e., the mixing is more efficient than for the cases
with X<0.2.

A possible explanation of these results is that there exists a criti-
cal thickness (or equivalently, fraction of dense material) for which
the dense layer switches from a passive mode (thermal erosion)

Spherical harmonic degree
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to an active mode, i.e., it is unstable with respect to convection and
the whole system convects in two layers. In this later mode, convec-
tion of the dense layer induces topography at the interface between
the dense and regular material, with an amplitude that depends on
the density contrast between the dense and regular material. For
small and moderate density contrasts (B <0.25), large topography
is generated, the dense layer breaks up after a lapse of time that
depends on B, dense and regular material mix, and by the end of
the run the whole system convects in one layer (Fig. 12a-e). On the
contrary, for larger buoyancy ratio (B> 0.3), topography is weaker,
and two-layered convection is maintained during the entire run
(Fig. 12f-j).

The value of the critical thickness of the dense layer depends
on the model setup (including, in particular, the viscosity law, the
buoyancy ratio, the radial model of thermal expansion, and the
initial condition), and may be estimated by plotting the Rayleigh
number of the dense layer, Rapy, as a function of the thickness of the
dense layer, hp;. Because of our model setup, comparisons of Rap
against published values of the critical Rayleigh number are how-
ever not straightforward. First, the bottom boundary is free-slip, but
no condition is applied on the top one (the interface between dense
and regular material). Furthermore, our calculations include depth
dependent viscosity and mixed heating, for which there is, to our
knowledge, no published analytical solution. An accurate determi-
nation of the critical Rayleigh number (or equivalently, of the critical
thickness of the dense layer) for this configuration thus requires a
detailed quantitative study, which is beyond the scope of this paper.

Again, it should be pointed out that the efficiency of mixing
mainly depends on the buoyancy ratio. The fraction of dense mate-
rial is controlling the internal stability of the dense layer, but
compared to the buoyancy ratio it has a limited influence on the
mixing between dense and regular material. This conclusion is in
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Fig. 14. Power spectra of chemical (left column) and thermal (right column) density anomalies by the end of the run and for various cases. Anomalies are averaged within three
layers (660 <d <1200 km, 1200 <d <2000 km, and 2000 < d <2891 km), and we considered three spherical harmonics (L=2, 4, and 6). Power spectra are further averaged
in time in the period range 0.85 x 102 to 1.06 x 102 (3.5-4.5 Gyr). Gray bands indicate the power spectrum predicted by RT246g within twice its standard deviation. The
squares are for the reference case, the diamonds for the case Rut =106, the triangles for the I'ggo = —2.3 MPa/K (i.e., a non-dimensional value of —6.0 x 10-2), and the circles
for the combined case discussed in Section 5 (B=0.2, Rt =0.5, Ruer = 108, Ritgso =30, and Iggp = —2.5 MPa/K).
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good agreement with the analogue experiments of Jaupart et al.
(2007).

5. Mantle convection: important ingredients

The extensive search in the model space of thermo-chemical we
conducted (Deschamps and Tackley, 2008; this paper) can be sum-
marized with five main conclusions, which may be useful to keep in
mind when building a thermo-chemical model for the Earth mantle.
(1) Large (>0.3) buoyancy ratios induce stable layering (this paper).
For buoyancy ratio between 0.15 and 0.25 (i.e., using the scalings in
Table 1, a chemical density contrasts in the range 90-160 kg/m3 at
the bottom of the system), dense material is entrained upwards and,
if no other ingredient is added, rapidly mixes with regular mate-
rial. (2) Small chemical viscosity contrasts induce rapid mixing,
whereas large chemical viscosity contrasts lead to stable layering
(companion paper). (3) Large (>10%) thermal viscosity contrasts
creates pools of dense material with large topography at the bottom
of the system. These structures remain stable in time and space.
(4) A 660-km viscosity contrast of 30 or more at 660-km depth
reduce the mass transfer around this depth (companion paper).
(5) An endothermic phase transition at 660-km (with a Clapey-
ron slope around —3.0 to —1.5 MPa/K) strongly inhibits the rise of
dense material above the phase transition. Interestingly, these later

Combined model #2 (B = 0.3)

(e) A

two parameters still allow the penetration of downwellings in the
lower mantle. In addition to these main conclusions, it is important
to note that reducing the Rayleigh number by a factor 3 compared
to its assumed value (which is not unreasonable given the uncer-
tainties in upper mantle viscosity, thermal expansion and thermal
diffusivity) also contribute to maintain compositional anomalies in
the lower mantle during a long period of time.

To test whether a combination of the ingredients discussed in
the previous paragraph can explain the observed tomography, we
conducted an additional experiment with the following properties:
B=0.2, R,LLC =0.5, R[,LT = 106, RMGGO =30, and F660 =—-6.68 x 1072
(—=2.5MPa/K). Fig. 13 shows a snapshot of this experiment by the
end of the run (t=10-2, corresponding to a dimensional time of
4.2 Gyr). Large pools of dense material rise from the bottom of the
system up to the 660-km transition (Fig. 13, plots a and b). They
induce strong chemical density anomalies with wave number up
to k=2.5 (Fig. 13e) and increasing amplitude with depth (Fig. 13h).
Due to the value of the Clapeyron slope of the 660-km transition,
a very small amount of dense material penetrates in the upper
mantle. Large hot plumes also rise from the bottom of the man-
tle, but the combined actions of the 660-km viscosity contrast and
endothermic phase transition considerably thin them as they enter
the upper mantle (Fig. 13, plots c and d). Note that unlike cases
that account for the phase transition only (Fig. 6), thermal plumes

t=2.1x102

Fig. 15. Snapshots at time t=2.12 x 10-2 (9.0 Gyr) for two additional models with Rt =10°, Ruugso =30, and I"ggo = —2.5 MPa/K. (a-d) B=0.3 and R =0.5. (e-h) B=0.2 and
Ric =18. Plots description is similar to that in plots (a-d) of Fig. 6. In plots (c) and (d), contour levels for temperature isosurfaces are T— (T) = —0.15 (blue) and T— (T) =0.15
(red), respectively. In plots g and h, contour levels for temperature isosurfaces are T— (T) = —0.2 (blue) and T — (T) = 0.15 (red), respectively. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)
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are not stopped but only thinned (Fig. 13d; see also the tempera-
ture profile, Fig. 13i, which do not show a sharp increase around
660-km depth). Downwellings, by contrast, penetrate more easily
in the lower mantle. The thinned plumes and the downwellings
induce strong thermal density anomalies in a layer that extends
from the surface down to z ~0.1 (~300-km depth) (Fig. 13, plots
f and j). Interestingly, these thermo-chemical structures are long
lived. Extending the calculations up to time t=0.0212 (9.0 Gyr), we
observe that they are still present. Furthermore, the power spec-
trum of density anomalies predicted by this model is in excellent
agreement with that from probabilistic tomography, except in the
layer 660-1200 km (open circles in Fig. 14). A possible explanation
for this disagreement is that the anomalies observed by probabilis-
tic tomography in this layer are related to accumulation of slabs
around the 660-km boundary. Because we assumed two types of
particles only (for regular and dense material, the dense material
being initially concentrated in basal layer), our treatment of the
chemical field does not account for the effects of downwellings
on the distribution of chemical density anomalies. To achieve this,
more complex modeling including a third type of particle and the
generation of MORB and harzburgite materials from an initial man-
tle reservoir and their recycling in the deep mantle, is needed. It
is however interesting to note that the thermal density anoma-
lies fit well those from probabilistic tomography (right row in
Fig. 14), which might be the thermal signature of slabs. Alterna-
tively, anomalies in this layer may be due to dense material that
remains trapped below the phase transition, as one would expect
for a Clapeyron slope around —2.3 MPa/K (—6.0 x 10~2) and a vis-
cosity that is not temperature-dependent (Fig. 6b, and top row in
Fig. 7).

Finally, we run additional cases to investigate the relative impor-
tance of the chemical density and viscosity contrasts for models that
include large thermal viscosity contrasts and a negative Clapeyron
slope at 660 km. These additional models have properties similar
to those of the combined model, except that we prescribed either
another value of the buoyancy ratio, or another value of the chem-
ical viscosity contrast. First, we run a model with a buoyancy ratio
B=0.3 (plots a-d in Fig. 15; note that this snapshop is taken at
t=0.0212). Clearly, the layer of dense material remains stable for
long period of time and experiences thermal erosion, which gener-
ates structures alike those observe in Fig. 9a-d. The density contrast
is therefore a first order controlling parameter, and to avoid sta-
ble layering, the buoyancy ratio should not be fixed to more than
0.25. In a second case, we fixed the chemical viscosity contrast to
R =18, and found that the layer of dense material remains stable
until t=0.0106 (4.5 Gyr). However, if calculation is continued fur-
therin time, large piles of dense material are generated (Fig. 15e-h).
Although narrower, these structures resemble those observed in the
combined case (in particular, note that the piles are blocked below
the 660-km phase transition), and explain probabilistic tomogra-
phy well. We obtained a similar results for Rptc = 32, but for R = 64
we observe chemical structures alike those obtained for moderate
Rue and Rur=1 (companion paper, Fig. 4g-h), and for Ry =102
we observed stable layering with moderate topography. In these
models, the strong thermal viscosity contrast compensates the
chemical increase in viscosity (up to values of Ru. around 50), and
allows dense material to rise. In a last experiment, we considered a
small chemical viscosity contrast (Rjc =1072), and found thermo-
chemical structures similar to those of the combined case. Thus,
the range of chemical viscosity contrast for which large pools of
dense material can be maintained depends on the thermal viscos-
ity contrast. Models that include large thermal viscosity contrast
may support larger chemical contrasts (typically up to about 50
for Ryt =10%) than models with low or moderate values of Ryr.
A more extensive study should conducted be to better map this
relationship.

6. Concluding remarks

Our search for successful dynamic models of Earth’s man-
tle was essentially based on comparison between models of
thermo-chemical convection and atomographic model that include
estimates of density distribution, which play a crucial role in resolv-
ing the trade-off between temperature and composition. To give
more support to our findings, it is important to estimate possi-
ble Earth mantle values of the model parameters we discussed
from available geophysical constraints. (1) First, one may esti-
mate possible values of buoyancy ratio assuming that the density
excess at the bottom of the mantle is related to the presence
of iron-rich post-perovskite. Assuming that the average mantle
composition is pyrolitic (Si/Mg ~0.8 and Fe/Mg ~0.11), and using
available data for post-perovskite (Tsuchiya et al., 2004) and an
appropriate equation of state modeling (Deschamps and Trampert,
2004), we find that a 2.0-3.0% excess in the volume fraction of
iron in the lowermost mantle (Trampert et al., 2004) may result
in a chemical density contrast between 90 and 130 kg/m3. Assum-
ing a thermal density contrast in the lower part of the system
equal to Ap;s=625.0kg/m3 (corresponding to an average density
in the ps=5000kg/m3), this lead to a buoyancy ratio between
0.14 and 0.21. (2) To date, very few data concerning the viscosity
of post-perovskite and the iron end-members of mantle miner-
als are available, and it is difficult to make reasonable estimates
of the compositional viscosity contrast. (3) The viscosity of mantle
aggregate is clearly temperature-dependent, and this dependence
is well explained by an Arrhenius type of law. Taking a man-
tle adiabat and a super-adiabatic temperature difference equal to
Tas=1200°Cand AT=2500K, respectively, a thermal viscosity con-
trast in the range 10°-107 would correspond to a thermal activation
energy between 220 and 310 kJ/mol. These values are consistent
with mineral physics data for the activation energies of perovskite
and magnesio-wiistite (Yamazaki and Karato, 2001). (4) Estimates
of the 660-km viscosity jump from various geophysical observa-
tions are also available (e.g., Hager and Richards, 1989; Nakada
and Lambeck, 1989; Forte and Mitrovica, 1996), and our preferred
range of values for this viscosity contrast (10-30) is consistent with
the observed values. (5) Finally, the transformation of ringwoodite
into perovskite and magnesio-wiistite is endothermic, with Clapey-
ron slope between —3.0 and —2.0 MPa/K (Bina and Helffrich, 1994).
Note that the transformation of garnet may modify the effective
Clapeyron slope at z=660 km (see discussion below). Overall, the
ingredients we identified are in very good agreement with available
independent geophysical data.

Our models also predict surface heat flow, &, average tem-
perature of the upper mantle (200 < d <660 km), Tyy, and surface
velocity, Vi, that we can compare with values observed for the
Earth. Table 2 lists the time-average (over the last Gyr for of the
run) of these parameters for selected models of thermo-chemical
convection. Heat flow values may be compared against that of the
compilation of Pollack et al. (1993). One must however keep in
mind that the observed surface heat flow is likely overestimating
the heat flow at the top of the mantle. The reason is that the mea-
sured surface heat flow includes a contribution related to crustal
heat production, which is difficult to estimate. In cratonic regions,
this contribution may be large and the mantle heat flux could be
as low as 15-20 mW/m? (Jaupart and Mareschal, 2007). Compar-
isons between the surface heat flow predicted by our models and
the observed ones may thus be helpless to discriminate among
possible models. Classical value for the average temperature the
upper mantle is in the range 1200-1400K. Both &, and Tym
decrease with increasing buoyancy ratio and increasing absolute
value of the Clapeyron slope. This decrease is more pronounced
for INggo <—1.5MPa/K (—4.0 x 102), and for I'gg9=—3.0 MPa/K
(—8.0 x 10~2) the calculated @y,,;s and Tyy are difficult to reconcile
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Table 2
Predicted upper mantle potential temperature, surface heat flow, and RMS of surface
velocity for selected cases?®.

Case TUM (K)b q)surf (mW/mz )c RMS(Vsurf) (cm/year)
Reference case 970 77.5 3.1
Ras=3.0 x 107 1080 66.7 14
Ras=3.0 x 108 760 741 4.9
Ig60 =0.76 MPa/K4 960 76.4 33
1660 = 1.53 MPa/K 950 74.9 23
I'660 =3.06 MPa/K 650 33.8 14
B=0.15 950 82.0 34
B=0.25 930 71.0 24
B=0.40 840 55.1 20
Combined case® 1230 45.8 0.6

2 Average values over the last Gyr of the run. Possible values for the Earth upper
mantle temperature are in the range 1200-1400 K. Surface heat flow strongly varies
with location. The compilation of Pollack et al. (1993) proposes a global value around
87 mW/m?, with oceanic and continental values around 101 and 65 mW/m?, respec-
tively.

b The upper mantle potential temperature is averaged in the layer
200<d <660km (0.07 <z<0.228), and scaled with a super-adiabatic tem-
perature difference ATs=2500K and a surface temperature Ty,s=300K. The real
temperature can be estimated by assuming that the adiabatic gradient in this layer
is 0.4 K/km, i.e., by adding an adiabatic contribution of about 100 K.

¢ Surface heat flow includes a contribution from the adiabatic gradient of temper-
ature. In the reference state we used (Tackley, 1996, 1998a), the adiabatic gradient
below the surface gradient is about 0.8 K/km. Taking ks =3.0 W m~! K1, the adiabatic
contribution to the surface heat flow is thus 2.4 mW/m?.

4 Non-dimensional Clapeyron slopes are -0.2x10"!, —04x10-!, and
—0.8 x 101, respectively.

¢ Combined case properties are Ras =108, B=0.2, X=10%, Rutc=0.5, Ritgso =30,
Ru,=10, Rur=10%, and I'ggo=-2.5MPa/K (i.e., a non-dimensional value of
—6.68 x 10°1).

with the observed surface heat flow and the upper mantle adiabat.
For the combined case, the predicted upper mantle temperature is
comparable to that expected for the Earth’s upper mantle, but the
predicted heat flux is low (45.8 mW/m?) compared to the global
average heat flow (87 mW/m?, Pollack et al., 1993). Again, this dis-
agreement may be partly explained by the fact that the observed
surface heat flow is not corrected from the crustal heat production
and is thus higher than the actual heat flow coming out of the man-
tle. Except for the combined case, the models listed in Table 2 do
not include lateral variations of viscosity, and thus the horizontal
velocity is fully poloidal. For the Earth, the ratio between toroidal
and poloidal velocities is around 0.4-0.6 (Lithgow-Bertelloni et al.,
1993; Becker, 2006), and the average surface poloidal velocity is typ-
ically in the range 2-6 cm/year. In our models, the surface velocity
decreases with both the buoyancy ratio and the amplitude of the
Clapeyron slope, but remains close to the typical value for the Earth.
Unsurprisingly, Vg,,f increases with the Rayleigh number. Note that
for Ras around 3.0 x 107 and less, Vg, is too small compared to the
observed values for the Earth. Due to the large value of the thermal
viscosity ratio, which increases the rigidity of the fluid close the sur-
face, the surface velocity predicted by the combined case is small,
less than 1cm/year. Note that the presence of additional ingredi-
ents prevent the combined case to fit in the conductive-lid regime
observed for strongly temperature-dependent viscosity fluid (e.g.,
Davaille and Jaupart, 1993; Moresi and Solomatov, 1995). The dis-
agreement between the surface velocity predicted by the combined
case and the observed one may be fixed by imposing an appropri-
ate rheology at the top of the fluid to model that would properly
models the lithosphere (Tackley, 1998b, 2000).

The role of the phase transition at d=660km is of particular
importance. Clearly, downwellings can penetrate below this transi-
tion. In agreement with purely thermal convection models (Tackley
etal., 1993, 1994), we observe that avalanches occur at any time, but
not necessarily at the same location. This is consistent with tomo-
graphic images, which show that slabs can either sink into the deep
mantle or stack around 1000-km depth (van der Hilst et al., 1997;

Fukao et al., 2001). By contrast, the large hot plumes that rise from
the bottom thermal boundary layer are strongly inhibited as they
cross the 660-km phase transition and, if temperature-dependent
viscosity is not accounted for, they even stopped below it. Upward
mass transfer is strongly inhibited, and most of the dense material
remains trapped in the lower mantle. Interestingly, this observa-
tion gives support to the existence of a buried reservoir enriched
in dense material in the lower mantle. The existence of two reser-
voirs in the mantle (a pyrolitic reservoir and a reservoir enriched
in dense material) is often advocated to explain geochemical dif-
ferences observed between OIB and MORB materials (e.g., Zindler
and Hart, 1986; Hofmann, 1997). Possible origins for the reser-
voir enriched in dense material include a subducted early crust
(Boyet and Carlson, 2006), and the formation and crystallization of
a magma ocean at the bottom of the mantle (Labrosse et al., 2007).
The original shape of the dense reservoir is unknown, but it may
have evolved to disconnected piles or pools of dense material, which
are presently responsible for large regions of low shear-wave veloc-
ity anomalies observed at the bottom of the mantle (e.g., Lay et al.,
2004; Trampert et al., 2004; Deschamps et al., 2007; Garnero et al.,
2007). The presence (eventually as a remnant of an initial magma
ocean) of partially molten material at the base of these piles may
explain the Ultra Low Velocity Zone locally observed at the bottom
of the mantle (see Thorne and Garnero, 2004 for a recent review).

The 660-km phase transition was modeled with a single Clapey-
ron slope imposed around d=660km. The real Earth is however
thermodynamically more complex, with various minerals trans-
forming at different depths and with different Clapeyron slopes.
Garnets, for instance, transform at greater depth than Ringwoodite,
around 710 km (e.g., Stixrude, 1997). It is thus an oversimplifica-
tion to model the 660-km phase chemical change with a single
endothermic phase transition. Accounting for the full phase dia-
gram in this depth-range may have strong implications in the flow
patternand in the distribution of density anomalies. More generally,
multiphase models of mantle convection may have important con-
sequences for mantle dynamics and heat transfer (Nakagawa and
Tackley, 2005a). In addition, the post-perovskite phase transition at
the bottom of the system, which is not included in our model, may
have some specific signatures. It has been pointed out, for instance,
that the distributions of dense material and post-perovskite are
anti-correlated (Nakagawa and Tackley, 2005b, 2006), and that
the spectra of chemical anomalies are strongly influenced by the
topography of the post-perovskite phase transition (Nakagawa and
Tackley, 2006). Note that the seismological evidences for the pres-
ence of post-perovskite at the base of the mantle are not fully
conclusive and indicate that D” is likely more complex than a post-
perovskite layer (Lay and Garnero, 2007). This may in turn influence
the dynamics of the mantle.

Other limitations of our approach and models were discussed in
our companion paper. They include the lack of sources and sinks of
dense material, which may slightly bias our results. Accounting for
sources and sinks of dense material may for instance allow the cre-
ation and recycling of MORB material. More importantly, spherical
geometry modifies the stability of top and bottom thermal bound-
ary layers, and may strongly affect the flow pattern and the stability
a basal layer of dense material. In particular, sphericity increases
the stability of the bottom thermal boundary layer, and the ingre-
dients that stabilize the layer of dense material (Ilarge compositional
viscosity and density contrasts) are likely to have stronger effects.

Our search in the model space of thermo-chemical convec-
tion considered relatively simple models, and, as discussed above,
additional complexities should be included to produce more real-
istic models that may explain geophysical observations in more
details. Our approach, however, allowed identification of important
ingredients that may enter a first order model of Earth’s mantle
dynamics: a moderate chemical density contrast; a large thermal
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viscosity contrast; a viscosity jump at 660-km of about 30; and
a Clapeyron slope of the 660-km phase transition around —3.0
to —1.5MPa/K. When included in a single model, these ingredi-
ents create and maintain thermo-chemical structures that explain
well the thermo-chemical distributions predicted by probabilistic
tomography. Finally, for models that include a large thermal vis-
cosity contrast, the chemical viscosity contrast has only a limited
influence on the formation and survival of large thermo-chemical
pools. However, the detailed structure of these pools significantly
depends on the chemical viscosity contrast, and comparisons
against tomographic models with vertical and lateral resolution
better than those of the present probabilistic tomography may be
able discriminate among these structures.
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