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[1] Geochemical observations demonstrate that Earth’s mantle is heterogeneous, but the
sizes, forms, and characteristics of its reservoirs are not constrained. Using laboratory
experiments, we have systematically studied a simple nonhomogeneous system, where
two layers of miscible fluids with different densities, depths, and viscosities are subjected
to a destabilizing temperature contrast. When the buoyancy number B (i.e., the ratio of the
stabilizing chemical density anomaly to the destabilizing thermal density anomaly) is
lower than 0.3—0.5, the whole layer regime develops, with a deformed interface and
convective patterns over the whole tank depth. The system systematically evolves toward
one-fluid Rayleigh-Bénard convection because of stirring. However, the two isolated
fluids can persist for very long time compared to the characteristic timescale of thermal
convection and give rise to numerous transient behaviors. Of particular interest for
planetary mantles are the pulsatory dynamics, where the interface between the two layers
deforms in large domes moving up and down quasiperiodically: According to the scaling
laws derived from the experiments, such a mechanism could indeed provide a simple and

single physical explanation for the superswells observed at present on Earth and more
generally for the long-term episodicity in planetary interiors observed in geological
records. INDEX TERMS: 1213 Geodesy and Gravity: Earth’s interior—dynamics (8115, 8120); 8121
Tectonophysics: Dynamics, convection currents and mantle plumes; 8147 Tectonophysics: Planetary interiors
(5430, 5724); KEYWORDS: thermochemical convection, planetary mantle, whole layer regime
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1. Introduction

[2] The pattern of convection in Earth’s mantle is today
still controversial because of conflicting evidence from
geophysics and geochemistry. The systematic differences
in incompatible element and isotopic compositions of
magma erupted at mid-ocean ridges (mid-ocean ridge basalt
(MORB)) and intraplate volcanoes (oceanic island basalt
(OIB)) require the existence of heterogeneities for billions
of years [Hofmann, 1997], occupying between 10% and
75% of the mantle [Kellogg et al., 1999]. Mass balance
calculations based on a bulk silicate Earth composition
[Allégre, 1987] as well as heat budgets [McKenzie and
Richter, 1981; Kellogg et al., 1999] also suggest the
presence of at least one hidden enriched reservoir. However,
the origin of these heterogeneities, as well as their precise
size, shape, location, and physical characteristics, is not
constrained. It was first thought that the mantle is divided in
two layers at the 660-km depth seismic discontinuity, which
is now known to correspond to a phase transition [/fo and
Takahashi, 1989]. In this “660-layered”” model [DePaolo
and Wasserburg, 1976; Allegre et al., 1979; O Nions et al.,
1979] (Figure 1a), the depleted upper mantle is the source of
MORB and convects separately from the lower primitive
mantle producing OIB. The absence of important mass
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transfer between the two layers is, however, contradicted
by recent tomographic models that exhibit subducting plates
in the lower mantle [e.g., Grand et al., 1997; Fukao et al.,
2001]. Such motions over the whole mantle depth are
expected to mix large-scale passive heterogeneities well
within the lifetime of the Earth, even in the presence of
viscosity increase with depth [e.g., Van Keken et al., 2002],
and thus imply a “one-layer” model (i.e., convection in a
fully mixed mantle, Figure le).

[3] Neither of these end-members models is capable of
taking into account all observations, but both capture fun-
damental aspects of the problem. They have thus provided a
reference frame for various “intermediate’ proposals. Some
studies have focused on the effects of the 660-km phase
transition, proposing a recent change in the style of convec-
tion [Christensen, 1995; Allegre, 1997] or an intermittent
one-layer/660-layered model, where catastrophic flushing
events periodically take place through the 660-km interface
[Machetel and Weber, 1991]. However, recent numerical
calculations at Earth-like convective vigor demonstrate that
the phase transition alone is inadequate to maintain part of
the mantle unmixed [Van Keken et al., 2002]. Other
studies have emphasized the importance of subduction,
which continuously reintroduces heterogeneities that might
sink at the bottom of the mantle, generating density and
viscosity gradients, possibly even a new layer [Davies,
1984; Gurnis, 1986; Christensen and Hofmann, 1994;
Albaréde, 1998; Coltice and Ricard, 1999; Albaréde and
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f) cooled copper plate T2

fluid 1 (p1=p2+Apy, v1, h1)

heated copper plate T =T2+ATJ

thermocouples probes

Figure 1. Proposed models of mantle convection (sketches from Tackley [2000], DMM, depleted MORB
mantle; ERC, enriched recycled crust) and comparison with the time evolution of experiment 52 (y = 140,
a=0.30, Ra=2.4 x 107, B=0.30): (a) 660-layered mantle; (b) undulating deep layer [Kellogg et al., 1999;
Samuel and Farnetani, 2003]; (c) primitive piles [Tackley, 1998; Hansen and Yuen, 2000] and oscillating
doming [Davaille, 1999b]; (d) primitive blobs [Davies, 1984; Manga, 1996; Becker et al., 1999;
Merveilleux du Vignaux and Fleitout,2001]; (e) one-layer model; (f) =0 min; (g) =23 min; (h) =28 min;
(1) £ =40 min; (j) £ = 125 min; (k) £ =350 min. See color version of this figure in the HTML.

Van der Hilst, 2002]. The recycling of oceanic crust Numerous works have also proposed the existence of a
definitely plays an important role in the global geochem- second reservoir with various geometries, independently of
ical budget [Hofmann, 1997], but its ability to explain the the 660-km limit: it could take the form of an undulating
whole range of evidence remains to be demonstrated. deep layer [Kellogg et al., 1999; Samuel and Farnetani,
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2003] (Figure 1b), of two giant piles under Africa and
French Polynesia, respectively [Tackley, 1998; Hansen and
Yuen, 2000] (Figure lc), of pulsating domes moving up
and down quasiperiodically [Davaille, 1999b] (Figure 1c),
or of viscous blobs encapsulated in the whole convecting
mantle [Davies, 1984; Manga, 1996; Becker et al., 1999;
Merveilleux du Vignaux and Fleitout, 2001] (Figure 1d).
All these models are conceptually attractive and each gives
a plausible explanation for selected observations. However,
several questions remain unanswered regarding the origin
and duration of these complex geometries.

[4] In our study, we have addressed the problem of
mantle convection from a “fluid dynamics™ point of view
through laboratory experiments [Davaille, 1999a; Le Bars
and Davaille, 2002, 2004]. Since we know that Earth’s
mantle is heterogeneous in composition [e.g., Kellogg et al.,
1999] and viscosity [Davies, 1984; Manga, 1996; Becker et
al., 1999; Merveilleux du Vignaux and Fleitout, 2001], we
have focused on the simplest case of nonhomogeneous
thermal convection, i.e., a two-layer system. We do not
want to debate about the origin of the second reservoir,
which could for instance be created by slabs remnant [e.g.,
Christensen and Hofmann, 1994], delaminated continental
material, relics of a primitive mantle [e.g., Tackley, 1998;
Kellogg et al., 1999], chemical infiltration from the core
[e.g., Hansen and Yuen, 1988]. Our purpose is to provide a
systematic theoretical and experimental description of the
interaction of thermal convection with stratification in
viscosity and density that could be applied to any given
reservoir in the mantle.

[5] The setup of our experiments is shown in Figure 1f:
two miscible fluids with different kinematic viscosities
(vq and v»), densities (p;o and pyo at temperature 7;) and
depths (h; and h,), initially at ambient temperature, are
superimposed in a tank. Viscosities are composition- and/or
temperature-dependent. Initially, the density distribution is
stable, and the interface is flat. At time ¢ = 0, the lower
(upper) copper plate is continuously heated (cooled) until
the bath has reached its assigned temperature 77(7>), and
thermal effects can possibly reversed the chemical stratifi-
cation. Four dimensionless numbers are necessary to fully
describe the two-layer system, in addition to the Prandtl
number taken as infinite (as in Earth’s mantle):

1. The viscosity ratio is

Vi
=, (1)
2. The layer depth ratio is
h
a=o, 6
where H = h; + h,.

3. The buoyancy number, ratio of stabilizing chemical

density anomaly to destabilizing thermal density anomaly, is

_ Aey
T appAT’

3)

where Ap, = pio — p2o is the chemical stratification, o is
the thermal expansion coefficient, py = p1o + p2o/2 and
AT = Tl - Tz.
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4. The Rayleigh number is

gATH?
Ra =282 4)

KRV2

where K is the thermal diffusivity coefficient. It is some-
times more convenient to use the Rayleigh number of each
layer taken separately

AT:H
Ray = 2821 (5)

KRV;

where AT is the temperature contrast through layer i. As a
first-order approximation, one can take [Le Bars and
Davaille, 2004]

3 1 — 3
RalzRax;—andRazzRax( a) .
Y

(6)

[6] Depending on the buoyancy ratio B, three regimes
were found as shown in Figure 2: (1) at B > 1, convection
develops above and/or below the flat interface [Richter and
Johnson, 1974; Olson, 1984], where fixed, long-lived
thermochemical plumes are generated (i.e., “stratified re-
gime”); (2) at B < 0.3-0.5, the interface is destabilized
[Olson and Kincaid, 1991] and motions develop over the
whole tank (i.e., “whole layer regime”); and (3) at inter-
mediate values (0.3-0.5 < B < 1), the interface remains
stable, but is largely deformed by thermal features coming
from the outer boundaries (i.e., “dynamic topography”).
Applied to the Earth [Davaille et al., 2003], strongly
stratified convection with a nearly flat interface in the
midmantle would require a chemical density contrast typi-
cally greater than 5% (i.e., B > 1). This seems mostly
precluded in the mantle today, since both seismic models
[Dziewonski and Anderson, 1981] and mineral physics
studies ([Jackson, 1998]) indicate that present-day planet-
wide density stratification of chemical origin cannot exceed
a few percent [Bina, 1998]; one must, however, notice that
strong stratification may be present locally, as for instance
in D" [Tackley, 1998; Davaille, 1999b], where thermochem-
ical plumes could develop out of a stratified thermal
boundary layer (Figure 2b). For planet-wide density strati-
fication between 2 and 5% with an interface in the mid-
mantle, our study shows that stratified convection would
occur but with a highly distorted interface. In a careful study
of the seismic signatures produced by thermochemical
features, Tackley [2002] showed that present-day observa-
tions could be consistent with the presence of piles of denser
material at the bottom of the mantle, located under lower
mantle uprisings. From a fluid dynamics point of view,
those piles would be explained by dynamic topography of a
initially slightly stratified layer, which would remain quite
stable for a long time. The whole layer regime would take
place in the Earth for density anomalies typically smaller
than 2%. As shown in our laboratory experiments, the
whole layer regime can not be assimilated to the one-layer
regime: even very small density contrasts can perturb
convection for a very long time and give rise to numerous
transient behaviors with two distinct fluids before homog-
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Figure 2. Regimes diagram as a function of the buoyancy number B and the layer depth ratio a. Pluses
represent stratified experiments with interface deformations as in Figure 2a (i.e., ““dynamic topography”).
Crosses stand for stratified regime with a flat interface: thermochemical plumes shown in Figure 2b take
place when one layer is thinner than the corresponding thermal boundary layer [see Davaille et al., 2002];
when both layers are large enough, convection develops above and below the interface as in Figure 2c.
The other symbols represent the various forms of whole layer regime: triangles correspond to immediate
mixing, squares correspond to initial configuration reversals illustrated in Figure 2d, and circles
correspond to vertical oscillations illustrated in Figure 2¢; open symbols correspond to domes from the
less viscous fluid under the form of cavity plumes (Figure 3b) and solid symbols correspond to domes
from the most viscous fluid under the form of diapirs (Figure 3c). Experimental tanks are 30 x 30 cm
large, and 6, 8, or 14.8 cm high. See color version of this figure in the HTML.

enization (Figures 2d, 2e, 3a, 3b, and 3c), which are the
focus of the present paper.

[7] Because of small-scale entrainment and large-scale
stirring, the density contrast, thus the buoyancy number,
progressively decreases through time [Davaille, 1999a] and
all the experiments, even starting with a large stratification,
systematically evolve toward the fully mixed state, as

illustrated in Figures 1f—1k: an initially layered system
(Figure 1f) progressively gives rise to small interface
undulations (Figure 1g), then to large piles (Figure 1h),
then to whole tank pulsations (Figures 1h and 1i). Even
when the two-layer system is destroyed, chemical hetero-
geneities still exist inside the tank (Figure 1j), which are
progressively erased by advection and ultimately chemical
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Figure 3. Behavior and spouting direction as a function of viscosity and layer depth ratios: open points
correspond to cavity plumes shown in Figure 3b (light shaded area), and solid points correspond to
diapiric plumes shown in Figure 3¢ (white area). The dashed line represents the theoretical law (8).
Triangles stand for overturning and immediate mixing as illustrated in Figure 3a (dark shaded area),
diamonds stand for oscillations close to marginal stability [see Le Bars and Davaille, 2002], circles stand
for “vertical oscillations™ (Figure 1e), and squares stand for “initial configuration reversals™ (Figure 1d);
the numbers near the symbols indicate the number of observed pulsations, from 0 to >10. In our
experiments, because of technical constraints, the lower layer was always the most viscous (i.e., y > 1),
except for the liquid sugar experiment (i.e., temperature-dependent viscosity). However, since the
equations of motion are identical by interchanging (y, a) and (1/y, 1 — a) [Le Bars and Davaille, 2002],
we expect that similar results will be observed with a less viscous lower layer, and symmetrical points are

also reported here. See color version of this figure in the HTML.

diffusion. The system finally ends up in one-layer convec-
tion (Figure 1k), which is only the final state of whole layer
convection. The typical duration of this evolution depends
on the initial values of B, y, and a [Davaille, 1999a]. These
experimental results suggest that the mantle is not in a
steady state: its convective regime has evolved through
Earth’s history, and all patterns described in Figures la—
le could successively have taken place through time. Such
an evolution was also partly observed in numerical simu-
lations, starting from a linear chemical profile [Hansen and
Yuen, 2000]. Calculations over Earth’s parameters ranges
demonstrate that a typical density stratification of 2% is
erased over Earth’s history [Davaille et al., 2003]. This
means for instance that a lower “primitive” reservoir (i.e.,
stratification inherited from the early differentiation of
the Earth), characterized by an initial interface location at
660 km depth (i.e., the upper bound given by geochemical
evidence [Hofmann, 1997]), an initial stratification of
3%, and initial viscosities of 10*° Pa s in the upper mantle,
100 x 10%° Pa s in the lower mantle, would partly persist
up to now and would be in the whole layer regime today
(e.g., Figure 4). The purpose of the present paper is to
describe the physical and geophysical signatures of whole

layer behaviors in a heterogeneous planetary mantle. For the
sake of simplicity, our system is always initially stratified in
two layers of different densities and viscosities; we then
observe its destabilization and temporal evolution. In section
2, we will describe the fluid mechanics characteristics of this
regime and apply the scaling laws defined in our systematic
study [Le Bars and Davaille, 2004] to the parameter range
likely to be relevant to planets. We will then see to what
extent this “messy” whole layer convection can explain the
geological data and be related to natural observations. In
section 4, we will finally estimate how the main conclusions
of our simple analogical model would change when taking
into account more realistic Earth-like ingredients.

2. Experimental Constraints on Whole Layer
Convection

[8] Through our laboratory experiments [Davaille,
1999a; Le Bars and Davaille, 2002, 2004], we have
explored large ranges of buoyancy and Rayleigh numbers
in order to characterize the various behaviors described in
section 1 (0.048 < B < 4.4 and 32 < Ra < 6.1 x 10%). In the
present paper, we will focus on ranges relevant for planetary
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Figure 4. Typical evolution of the density contrast in a
two-layer mantle, obtained with the scaling laws of Davaille
[1999a]. The interface was originally located at the
transition zone, the initial density contrast was 3% and the
initial viscosity contrast was 100. The whole mantle regime
starts for a typical density contrast of 2%: several large-
scale pulsations are then expected to take place. One-layer
convection (i.e., convection in a fully mixed mantle) is only
reached after 5400 Myr.

mantles in the whole layer regime, as given in Table 1. For
each of the following applications, one or two free param-
eters are systematically changed in the proposed limits,
whereas the others are taken at the “fixed” reference value.

2.1. Observed Behaviors and Patterns

[0] In our experiments, the two fluids are initially at the
same temperature 7y, then heated from below and cooled
from above. Outer thermal boundary layers subsequently
grow from hot and cold plates. Depending on the local
Rayleigh number, they can either keep growing by conduc-
tion or destabilize under the form of small thermal plumes:
these features correspond to classical Rayleigh-Bénard
convection inside each layer separately, and their dynamics
are fully characterized by the layer Rayleigh number Ra;
[see Le Bars and Davaille, 2004].

[10] In all cases, the lower fluid is progressively heated
and becomes lighter, whereas the upper fluid is cooled and
becomes heavier. Once the chemical density anomaly is
cancelled by thermal effects, the interface becomes unsta-
ble. The pattern of destabilization then depends on the
direction of doming, as observed in the closely related case
of Rayleigh-Taylor instabilities [Whitehead and Luther,
1975]: we observe either domes developing from the most
viscous fluid into the less viscous one under the form of
large vertical cylinders called “diapiric plumes” separated
by cusps (Figure 3c) or domes developing from the less
viscous fluid into the most viscous one under the form of
large blobs followed by a thinner tail, comparable to cavity
plumes (Figure 3b). The direction of spouting is determined
by the relative value of two parameters, characterizing the
“penetrability” of each layer [Ribe, 1998]: (1) the viscosity
ratio, since it is easier to penetrate a less viscous layer, and
(2) the layer depth ratio, since it is easier to invade a deeper
layer, where boundary conditions do not limit motions. In
our experiments, deformations tend to develop through the
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layer were motions are easier, thus through the layer with
the highest Ra;. The doming direction then changes when

Ral = Raz, (7)
which means at first order, using equation (6),

1

a:_1+'y71/37

(8)

in agreement with our experiments (Figure 3).

[11] Once thermochemical domes reach the opposite
boundary, they loose their thermal buoyancy and the initial
chemical stratification reappears. The further evolution of
the system mainly depends on the viscosity ratio.

2.1.1. Overturning

[12] When 1/5 <y <5 typically (Figure 3), the two-layer
initial system is never reconstructed: domes break up into
smaller-scale blobs upon overturning and immediate stirring
operates; the two layers are very rapidly mixed, as described
by Olson and Kincaid [1991].

2.1.2. Pulsations

[13] When v < 1/5 or y > 5 typically, the whole layer
regime gives rise to large-scale oscillations: the two fluids
conserve their own identity, and the initial two-layer system
is periodically reconstructed. The number of observed
pulsations rapidly increases with vy (Figure 3). Two mech-
anisms of initial system reconstruction are possible, namely,
vertical oscillations and initial configuration reversals:

[14] 1. The typical evolution of vertical oscillations is
presented in Figures 5c, 5d, and Se. In this case, domes
loose their thermal buoyancy very rapidly after reaching the
opposite boundary plate: they then collapse on themselves
and the two-layer initial system is regenerated, ready for
another cycle to begin. In going back to initial state, the
invader fluid can encapsulate blobs of the other layer, and
mixing slowly occurs by advection. However, as many as
eight successive oscillations have been observed.

[15] 2. Initial configuration reversals are presented in
Figures 5f, 5g, and 5h. They correspond to the behavior
predicted by Herrick and Parmentier [1994]: the whole
invading layer is progressively emptied, until the initial
configuration is totally reversed, with fluid 1 lying above
fluid 2. Then, fluid 1 cools down, fluid 2 heats up, and the
system finally goes back to initial state. In this case, stirring
also works by advection, but several successive reversals
have been observed.

[16] Vertical oscillations take place when domes cool
down (respectively heat up) faster than they spread out in
the vicinity of the cold plate (respectively hot plate), and
rapidly collapse into initial state: it thus happens when the
restoring force due to chemical stratification is predominant

Table 1. Range of Parameters Used in This Paper”

Free Parameters Total Range Fixed Value
¥ 1073-10° 107!
a 0-1 0.3
Ra 10°-10" 1.3 x 10’
B 0-0.5 0.17

“Fixed values correspond to our preferred values determined for the
present state of Earth’s mantle (see section 3.1).
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Figure 5. Pictures of whole layer regimes: (a, b) common onset; (c, d, e) vertical pulsation in
experiment 18 (y =21, @ = 0.30, Ra = 8.8 x 10°, B=0.31), and (f, g, h) initial configuration reversal in
experiment 9 (y = 22, a = 0.25, Ra = 1.5 x 10’, B = 0.17). These two mechanisms could respectively
illustrate the formation of superswells in the Earth and the resurfacing of Venus (see section 3). See color

version of this figure in the HTML.

compared to the thermal buoyancy, that is when the buoy-
ancy number is relatively large (B > 0.2—0.3 typically, see
Figure 2) and/or the Rayleigh number relatively small. On
the contrary, initial configuration reversals take place when
the chemical stratification is low compared to the thermal
buoyancy (B < 0.2 typically and/or large Ra), but also when

the invading layer is small and thus rapidly emptied (a < 0.3
or a > 0.7, see Figure 2).

2.2. Thermal Signature of Whole Layer Convection

[17] The whole layer regime is excited (i.e., the interface
is fully destabilized) once the thermal buoyancy around the
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interface is large enough to induce motions over the whole
depth of the tank in spite of thermal diffusion, viscous
dragging and chemical stratification.

[18] A first-order approach consists in forgetting the real
thermal and chemical variations and only considering a
constant mean density in each layer with a sharp change at
the interface:

p: = pio — apo(T — To);, )

where ap, (T — Tp), is the mean value of thermal buoyancy
apo(T — Ty) over the layer i. Such a system is then
comparable to Rayleigh-Taylor configurations (see, for
instance, Whitehead and Luther [1975]) and becomes
unstable provided

P < pa- (10)
In terms of buoyancy number, equation (10) means that the

effective buoyancy number based on real chemical and
thermal contrasts

Ap, (2)

Begr (1) =
(0 apy(T — To), — ape(T — To),

(11)

becomes strictly lower than 1. In our experiments, we
measured a mean critical value at onset

B.=0.98+0.12 (12)
for 0.51 <a <0.83, 1.3 <vy <25 and 1.7 x 10° < Ra <
7.5 x 107,

[19] This simplified model focuses on the influence of the
chemical stratification on the destabilization: for the whole
layer regime to be excited, thermal effects have to reverse
the initial density contrast, which is indeed the predominant
effect at large Ra. It implicitly neglects thermal and viscous
diffusions during motions over the whole depth of the tank,
which should somewhat influence the value of B.. However,
the difficulty of measuring B.g experimentally does not
allow us to recover any systematic dependence.

[20] Taking « as a constant in equation (11), the onset of
whole layer regime is given by

A
£ )= )

= Bcv

(13)
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where 0(¢) is the typical temperature contrast between the
two reservoirs at a given time. Then at onset,

0(1) :;AT ~ (102 4+ 0.12) x BAT

&

(14)

using equation (12). For the initial destabilization, the
thermal contrast between the two fluids has to increase from
0 (initially isothermal fluids) to the critical value 1.02 x
BAT. The total density anomaly, taking into account both
thermal and chemical effects, is then given by

Apeff = O‘pe(t) - Ava (15)

corresponding to an effective temperature contrast

A B
Berr = (S;ff = (B— ~ B)AT ~ (0.02+0.12) x BAT ~ (16)

using equation (12). Only this thermal buoyancy is
effectively available for driving motions: after the first
destabilization, further rising and sinking of domes
correspond to its gain and loss, whereas the ‘““internal”
temperature field BAT, linked to the chemical field, remains
stable [see also Herrick and Parmentier, 1994]. This
explains why large temperature variations are measured
over the whole tank depth, in contrast to classical Rayleigh-
Bénard convection where thermal fluctuations are limited to
thermal boundary layers (see Figure 6). It also explains why
fluids with temperature-dependent viscosity give results
similar to fluids with composition-dependent viscosity,
when taking as viscosity ratio y the contrast due to the
temperature jump BAT (see, for instance, Figure 7).

[21] One must notice that there is a huge difference
between the total thermal anomaly and the thermal anomaly
effectively available for buoyancy: as shown in Figure 8,
taking typical values AT=2000 K and =3 x 10 °K ', a
1% density contrast implies

0 =340 £ 40K (17)

Beir = 6.7 = 40K. (18)
In planetary mantles, estimation of temperature contrast
derived from indirect measurements such as gravity [e.g.,
McNutt and Judge, 1990] are mostly dependent on the

Figure 6. Time evolution of the thermal signature of a two-layer experiment (y =15, @ = 0.30, Ra = 4.1 x 10%, initial B =
0.80). (a) Temperature signals recorded along a vertical line. The location from the lower hot plate is reported on the right
(initial interface position: 4.4 cm). (b) Temperature signals recorded at two locations at midtank depth at 7 cm and 16.3 cm
from the side. Both signals exhibit a time history in three parts: (1) the stratified phase, where purely thermal convection
develops above and below the stable interface; (2) the whole layer phase, where the interface is destabilized and whole tank
convection takes place; and (3) the final one-layer phase, where the interior of the tank is well mixed (classical Rayleigh-
Bénard convection). (c—e) Corresponding standard deviations of the temperature signal measured along a vertical line. In
the whole layer regime, the passage of a particle of fluid 1 anywhere in the tank differs from the passage of a particle of
fluid 2 by B x AT, explaining the presence of large temperature variations over the whole depth. In the stratified regime,
classical Rayleigh-Bénard convection takes place above and below the interface and after mixing, classical Rayleigh-
Bénard convection takes place over the whole tank: temperature variations are then mostly limited to outer thermal
boundary layers.
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Figure 7. Time evolution of the experiment performed
with liquid sugar DDC 131 from Béghin Say. This fluid
exhibits a strong dependence on temperature. Even if no
structural viscosity contrast is initially present in the tank,
the temperature dependence of the viscosity induces a
density jump across the interface y = 0.18 corresponding to
the temperature jump 6 given by equation (14). Other
dimensionless numbers are a = 0.155, Ra = 3.0 x 10, and
B = 0.30. (a) Initial configuration, # = 0 min. (b) Purely
thermal convection, ¢ = 2 min, in the lower layer that
partially penetrates the upper layer (i.e., dynamic topogra-
phy). (c) Destabilization, ¢ = 4 min, of the lower layer under
the form of large cavity plumes. See color version of this
figure in the HTML.

effective thermal contrast, and must therefore be used with
caution.

2.3. Viscous Control on Thermochemical Structures

[22] The characteristics of domes in both directions are
mainly controlled by the most viscous layer, which slows
down motions over the whole depth of the tank [Whitehead
and Luther, 1975; Olson and Singer, 1985; Herrick and
Parmentier, 1994].

[23] Diameter of the thermochemical structures can be
calculated using the following scaling laws defined exper-
imentally [Le Bars and Davaille, 2004]:

Case of diapiric plumes

han Ra70‘14,
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where the subscript mv stands for the most viscous fluid.
Case of cavity plumes

2 \1/3

d;;v _ 54 (hlvh;v) Ra-0%%3, (20)
where the subscript 1v stands for the less viscous fluid.

[24] In both cases, we must notice that purely thermal
convection inside each layer and thermochemical convec-
tion between both layers act on totally different length
scales: in particular, when purely thermal plumes exist in
the layer before doming, each dome collects several small-
scale instabilities.

[25] Periods of pulsations are also controlled by the most
viscous layer and scale as

2/3
L K2, ( 880\
Tk \Ramy ’

where the coefficient 880 has been determined experimen-
tally [Le Bars and Davaille, 2004]. Figures 9 and 10 show
the typical variations of domes diameter and period with the
viscosity ratio, the layer depth ratio and the Rayleigh
number. Using equation (5), one can notice that

1 (1760kvm\ >
T~ — | ————
TR\ agAT ’

1)

(22)

which illustrates that T is independent of layer depths.

[26] Since inertial effects are negligible, the typical domes
velocity is given by the equilibrium between buoyancy
effects and viscous dragging forces in the most viscous
fluid:

A 2
o — Dperrgd 7 (23)

320y

AT(K)

0 0.5 1 15 >

Ap,/p (%)

Figure 8. Total temperature anomaly (solid line with
circles) and effective temperature anomaly (dashed line with
circles) as a function of the chemical density contrast for a
pulsating dome, taking A7=2000 K and =3 x 10> K.
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Figure 9. (a) Nondimensional diameter and (b) nondimen-

sional period of thermochemical structures in planetary
mantle as a function of the viscosity ratio y and the layer
depth ratio a, taking a Rayleigh number Ra = 1.3 x 10’
Thick black lines indicate changes in the shape of
thermochemical domes, as explained in section 2.1 and in
Figure 3.

where the scaling factor 32 has been determined experi-
mentally [Le Bars and Davaille, 2004]. The d designates the
typical size of the dome (d.,y or dgjz), Mmv the dynamic
viscosity, and Ap.s the density contrast available for motion
over the whole depth as given by equation (15), taking into
account both thermal and chemical effects. In the case of
diapiric plumes, the deformation takes the form of a vertical
cylinder with a nearly constant diameter and the character-
istic length that must be used in equation (23) is
intermediate between the height of the plume % and dg;,:
the rising speed progressively increases with %, and
equation (23) only indicates a lower bound corresponding
to the initial velocity.

[27] Using scaling laws previously defined, one can also
estimate the heat flux transported by a thermochemical
dome as

0 = pC,0 x w(d/2)*x w, (24)
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where C, is the specific heat per unit mass and 0 the thermal
excess given by equation (14).

2.4. Time Evolution: From Whole Layer to
One-Layer Convection

[28] Because of entrainment and mixing, the whole layer
regime systematically evolves toward single layer convec-
tion, as shown on Figures 1f—1k. The mixing pattern is
complicated, and advection creates compositional hetero-
geneities with two different typical sizes and topologies:
(1) large-scale blobs can be encapsulated during domes
oscillations (Figure 11), and (2) thin filaments are generated
by mechanical entrainment through viscous coupling
(Figure 1j). Ultimately, chemical diffusion acts to fully
homogenize the system. It is interesting to note that since
the temperature field follows the chemical field and the
viscosity is either temperature- or composition-dependent,
viscosity structures are also strongly spatially variable and

a) d
H
10__ diapir cavity diapir
10
9 0.2
10
8
10
3]
o 7
10
6
10
5
10 = 2 -1 1 2
i0 10 10 10 10 10 10
Y
b) .
Hz
K
10__ diapir cavity diapir

Figure 10. (a) Nondimensional diameter and (b) non-
dimensional period of thermochemical structures in plane-
tary mantle as a function of the viscosity ratio y and the
Rayleigh number Ra, taking a layer depth ratio a = 0.3.
Thick black lines indicate changes in the shape of
thermochemical domes, as explained in section 2.1 and in
Figure 3.
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can not be deduced from the mean lateral value, as illus-
trated in Figures 11a—11f.

[20] The overall duration of thermochemical heterogene-
ities in the whole layer regime is very difficult to determine,
since all dimensionless numbers directly influence it: the
buoyancy number actually controls the “chemical” resis-
tance to stirring, the viscosity ratio the ‘““mechanical”
resistance to stirring, the layer depth ratio the relative
volume of heterogeneities and the Rayleigh number the
convective stirring power. Studying the variation of the
overall duration with all dimensionless numbers is beyond
the scope of this paper. Moreover, with our experimental
setting, only the buoyancy number can be changed inde-
pendently of all other parameters: as shown in Figure 12,
the overall duration then exhibits a strong exponential
dependence on B, and the chemical heterogeneities can
persist for very long time compared to the characteristics
of thermal convection.

3. Geological Consequences of Whole Layer
Convection
3.1. Superplumes on Earth

3.1.1. Case Study of the Last Pacific Pulsation

[30] The mantle beneath the Pacific plate seems to be
confined in a simple natural tank: during the last 150 Myr, it
has been isolated from the rest of the mantle by its
subduction belt [Richards and Engebretson, 1992], and no
continent has perturbed its upper thermal boundary. It is
thus the best place for us to apply the scaling laws defined
in section 2. One must, however, notice that this analogy is
only a very simplified view of the effects of plate tectonics
that allows us to directly applied the experimental results.
The complications due to plate motions will be further
discussed in section 4.6. The ““Pacific superswell” [McNutt
and Fisher, 1987] is a huge zone of Earth’s surface about
5000 km large located in the south central Pacific, charac-
terized by a concentration of intraplate volcanism and by an
elevated topography, as much as 1 km higher than usual
seafloor of the same age [McNutt, 1998]. The mantle
located below it exhibits anomalous slow shear and com-
pressional waves velocities all the way down to the core-
mantle boundary [Dziewonski and Woodhouse, 1987; Li and
Romanowicz, 1996; Grand et al., 1997; Van der Hilst et al.,
1997]: it has thus been suggested that the Pacific superswell
is due to the dynamic upwelling of a large body called
“superplume” [Larson, 1991; Cazenave and Thoraval,
1994], which may be stopped by the 660-km phase transi-
tion [Vinnik et al., 1997]. Such a structure is too large to be
explained by instabilities in the framework of classical
Rayleigh-Bénard convection. Besides, modeling based on
tomography and geoid [Ishii and Tromp, 1999] or tomog-
raphy and mineralogy [Yuen et al., 1993] further demon-
strate that thermal effects alone can not explain the entire
geophysical evidence: they must be coupled with a chemical

Figure 11. Vertical viscosity profiles averaged laterally
corresponding to experiment pictures on Figures 1f—1k.
Viscosity structures cannot be deduced from the mean
values. In the Earth, the presence of very viscous
subducting plates complicates the situation.
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Figure 12. Overall duration of chemical heterogeneities
measured experimentally, normalized by the typical con-
vective time in the most viscous layer, which corresponds to
the longest characteristic time of purely thermal effects in
the system. In these experiments, only the buoyancy
number B significantly changes g'y = 8-22, a = 0.25-
0.30, Ra = 4.1 x 10° to 1.5 x 107).

stratification. Another region now located on the west, the
“Darwin Rise,” registered similar characteristics 110—
90 Myr ago [Ménard, 1964; Winterer et al., 1993]. Plate
reconstruction demonstrates that it was then passing above
the present-day superswell. The “Pacific tank” has thus
registered during the last 100 Myr a complete pulsation of
the mantle [Larson, 1991].

[31] Looking at all these features, Davaille [1999b]
suggested that a superplume originates from the pulsatory
behavior of thermochemical convection. Using the experi-
mental results from section 2, we are now able to quantify
this statement, taking as a working hypothesis that the lower
mantle contains two chemically distinct reservoirs (lower
layer 1 and upper layer 2) presently in the pulsating regime.
Fixed parameters used in this study are listed in Table 2; the
viscosity of the lower layer (hence the viscosity ratio y) and
the depth of each layer (hence the depth ratio a) are
unknown and will be constrained by experimental results.

[32] Taking into account the uncertainty on Earth’s data,
errors on scaling laws, and also the extreme simplicity of
our analogical model, we expect to predict the relevant
orders of magnitude as far as the period of pulsations and
the diameter of thermochemical structures are concerned,
ie.,

_ L -3
d
d = 1000 — 3000 km < = 0.45 —1.4. (26)

Then, lots of couples (y, a) seem to be relevant for the
mantle (see Figure 9). Additional constraints are given by
(1) the spouting direction (i.e., from the bottom toward the
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surface) and (2) the occurrence of at least two successive
pulsations in the Pacific: according to our experimental
study, a viscosity contrast >5 or <1/5 is therefore necessary.
The formation of a cavity plume then seems to be the most
probable, with

102<y<1/5 (27)

02 <a<037. (28)
These values are plausible in the Earth and are compatible
with independent considerations from mineralogy and
geochemistry. Indeed, the lower reservoir is chemically
denser and possibly radiogenically enriched [Staudigel et
al., 1991]: at a given depth, it is thus hotter than the upper
layer. According to the temperature dependence of the
viscosity [Karato and Wu, 1993] and independently of any
structural effects, the viscosity ratio is expected to be
smaller than 1, in agreement with equation (27). Besides,
results from equation (28) correspond to an initial lower
reservoir thickness (i.e., before destabilization) ranging
between 440 and 810 km. These values are in the lower
bound of the predicted size of the geochemical “unde-
pleted” reservoir, which occupies between 10% [Hofmann,
1997] and 75% [Jacobsen and Wasserburg, 1979] of the
whole mantle, corresponding to a thickness between 516
and 2420 km. However, our predicted value only
corresponds to the last pulsation of the Pacific: the size of
the reservoir (as well as the viscosity ratio) may have been
larger in the past and have since evolved because of mixing.
Such variations have to be taken into account in
geochemical studies to allow better comparisons.

3.1.2. African Uplift

[33] A second superswell is located in Africa and
South Atlantic Ocean [Nyblade and Robinson, 1994]. As
for the Pacific superswell, it has been explained by the
dynamical upwelling of a hot and very large structure
[Lithgow-Bertelloni and Silver, 1998], and high-resolution
tomographic inversions have imaged the presence of a super-
plume about 1200 km across with very sharp interfaces,
extending obliquely 1500 km upward from the core-mantle
boundary [Ritsema et al., 1998; Ni et al., 2002].

[34] Gurnis et al. [2000] have recently developed a
dynamical model relating a superplume type motion to the
surface residual topography (i.e., after shallow sources of
density have been removed) and to the average uplift rate
registered in southern Africa. They concluded that (1) a
small global density contrast is needed to explain the
present elevation of 300—600 m and (2) a low viscosity

Table 2. Typical Values Used for Earth’s Lower Mantle With
Ra=13 x 10" and B = 0.17

Parameter Value
H 2200 km
P20 4100 kg m >
AT 2000 K
o 3x 107K
K 107 m? s7!
T 2 x 10*!' Pas
Ap,/p 1%
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Table 3. Derivatives of Bulk Modulus, Shear Modulus, and
Density for Pure Perovskite and Pure Magnesiowlistite®

perovskite magnesiowiistite

Ko, GPa 258.1 161.0
OK/dT, GPa —0.031 —0.028
OK/dP 4.1 x 1077 4.1 x 1077
OK/dxg, GPa 0 7.5

1o, GPa 176.8 131.0
oW/dT, GPa —0.019 —0.024
o/dP 14 x107° 24 x107°
Ow/dxg., GPa small (taken 0) 77.0

po, kg m ™3 4108 3583
Apldxpe, kg m~> 1070 2280

*Proposed by Samuel and Farnetani [2001] (temperature and pressure
dependence from Matsui [2000] and Matsui et al. [2000]; iron dependence
from Wang and Weidner [1996, and references therein]). Subscript zero
means surface temperature, surface pressure, and xg. = 0. For the
calculations of velocity anomalies, we use the hydrostatic pressure, the
adiabatic temperature gradient and a constant o« =3 x 107> K ',

inside the hot structure, which could be explained by the
temperature dependence of the viscosity [Karato and Wu,
1993], is needed to account for the measured uplift rate of
5-30 m Myr .

[35] Their results are thus qualitatively similar to ours.
Quantitatively, they were able to satisfy Earth’s constraints
with Apee/p ~ 0.2% and m; ~ 10*'-10** Pass. For a chemical
density contrast of 1% and using values determined in the
Pacific (see section 3.1.1), we propose Aper/p ~ 0.02% and
M ~ 10?° Pa s. However, according to their study, a tenfold
decrease in the density anomaly leads to a tenfold decrease in
topography and a hundredfold decrease in uplift rate, and a
tenfold to hundredfold decrease in the lower mantle viscosity
leads to a threefold to tenfold increase in topography and a
tenfold to hundredfold increase in uplift rate: both effects
thus compensate and our preferred values could also fit the
African case well.

3.1.3. Seismic Velocity Anomalies

[36] In order to better compare our results with Earth’s
data, it is possible to convert the chemical and thermal
signals associated with an oscillating dome into shear
waves, compressional waves, and bulk sound velocities
given by

_ P
s = \A : (29)
. /K+(;/3)u’ 0
v, = f (31)

respectively, where K and p are the bulk and the shear
modulus.

[37] Following Forte and Mitrovica [2001] and Samuel
and Farnetani [2001], we only take into account two
phases in the lower mantle: perovskite (Mg, Fe)SiO3 and
magnesiowiistite (Mg, Fe)O. Chemical density variations
between the two reservoirs are due to changes in iron molar
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ratio xg. = Fe/(Fe + Mg) and/or in volumic proportion of
perovskite () and magnesiowtistite (1 — P). We suppose
the upper reservoir to have a pyrolitic composition,
corresponding to reference coefficients xg. = 0.11 and ® =
0.82 [Guyot et al., 1988]. The chemical density excess of
the lower layer Ap, is then converted either in change in
iron molar ratio for a fixed volumic proportion of perovskite
or in change in volumic proportion of perovskite for a fixed
iron molar ratio. In the whole system regime, this stratifi-
cation is compensated by a mean temperature excess 6 given
by equation (14), which we first suppose to apply to the
whole lower reservoir. Bulk modulus and shear modulus are
then calculated inside each layer for pure perovskite and
pure magnesiowlistite using the derivative coefficients from
Samuel and Farnetani [2001] (Table 3), and seismic veloc-
ities are finally estimated inside each reservoir using a
Voigt-Reuss-Hill average. To remain consistent with experi-
ments, we only consider here a constant thermal expansion
coefficient o« = 3 x 107> K~' through the whole lower
mantle.

[38] Results for three different models are presented in
Figure 13. We can first notice that all of them give relevant
orders of magnitude as far as velocity anomalies are
concerned, with typical amplitude between —3% and 1%.
However, only variations of the volumic proportion of
perovskite as shown in Figures 13a and 13c are capable
of reproducing two striking features observed by recent
seismic studies of the deep lower mantle under superswells,
namely, (1) a large ratio of shear to compressional waves
velocity anomalies [Roberston and Woodhouse, 1996] and
(2) an anticorrelation between shear waves and bulk sound
velocity anomalies [Su and Dziewonski, 1997; Ishii and
Tromp, 1999]. Changes in iron molar ratio alone do not give
such characteristics (Figure 13b).

[39] Figure 14 shows the tomographic signal obtained
with our method from Figure 1i scaled to the mantle, for a
chemical density contrast of 1%. Results can be filtered to
take into account the resolution of Earth’s tomography,
typically 400 km in the horizontal direction and 200 km
in the vertical direction: the complex pattern of thermo-
chemical structures is then partially erased and only the two
major upwellings persist, which could represent for instance
the Pacific and African superswells.

[40] Those results correspond to an ‘“average” point of
view, supposing all points in the lower layer have the same
temperature excess given by equation (14). However, equa-
tion (14) only indicates a mean value over the whole system
at the time of destabilization: locally, the real temperature
contrast can be larger, as for instance in the upper part of the
rising dome, or smaller, as for instance in its lower part.
Figure 15 then shows the relative variations of the predicted
seismic anomaly: in the African superswell, this could
explain the simultancous detection of a stratified root [Ishii
and Tromp, 1999] and a buoyant head [Ritsema et al.,
1998]. One must also notice that part of the thermochemical
structures can be hidden from seismic detection by the local
compensation of thermal and chemical effects: tomographic
inversions may underestimate the real extension of super-
plumes. The small amplitude of the predicted anomaly as
well as the expected highly distorted interface could explain
why Vidale et al. [2001] did not locate any thermochemical
boundary despite a precise search.
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Figure 13. Variations of the velocity anomalies at the midmantle depth as a function of the chemical
density contrast for a pulsating dome (circles, shear waves; squares, compressional waves; stars, bulk
sound). In all cases, the upper reservoir is supposed to have a pyrolitic composition, corresponding to iron
molar fraction xp, = 0.11 and volumic proportion of perovskite ® = 0.82 [Guyot et al., 1988]. Density
contrast comes from changes in the lower reservoir: (a) xp, = 0.11 and density contrast comes
from changes in ® (top scale); (b) ® = 0.82 and density contrast comes from changes in xp, (top scale);
(¢) xpe = 0.13 and density contrast comes from changes in ® (top scale).

[41] Thermochemical doming thus provides a plausible
explanation, both qualitatively and quantitatively, for the
superswells observed at present on Earth’s surface and for
the underlying superplumes imaged by tomography. Further
work is now needed to see if these dynamical features could
also account for coinciding patterns in geoid [Cazenave et
al., 1989] and in the anomalous flattening of the CMB
inferred from geodetic estimates of Earth’s free core nuta-
tion [Forte et al., 1995].

3.2. Pulsations on Earth

[42] We will now go further in the past and see to what
extent previous pulsations of thermochemical plumes can be
related to changes at global scale observed in the geological
record.

[43] Since its formation, the Earth has undergone gradual
cooling, but this global decline has been interrupted by
periods of enhanced convective vigor and surface heat flow
(see for instance the recent review by Schubert et al. [2001,
pp. 626—627]. Several mechanisms have already been
identified that could create such episodicity. First, convec-

tion at high Rayleigh number is by essence episodic,
generating thermal plumes: the arrival of such features at
the surface could then account for the creation of major
flood basalt events [Richards et al., 1989; White and
McKenzie, 1989]. On a larger scale, Wilson cycles
[Wilson, 1966] corresponding to the periodic fragmentation
and reformation of supercontinents could be link to the
temporal variability in plate tectonics. Numerous studies
have also pointed out the effect of the 660-km endother-
mic phase transition on convection: it could actually
generate the periodic occurrence of abrupt changes in
convective mode (660-km layered/whole mantle), consec-
utive with the sudden flushing of oceanic plates previously
accumulated above the transition zone [Machetel and
Weber, 1991; Tackley et al., 1993; Weinstein, 1993;
Solheim and Peltier, 1994]. Such events have the potential
to influence the mantle on a global scale [Weinstein, 1993;
Brunet and Machetel, 1998]: the arrival of cold avalanche
material at the CMB would actually significantly modify
core heat flux, whereas in order to conserve mass, hot
material from the lower mantle would rapidly be injected
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0.11,® = 0.82 in the upper reservoir, xg. = 0.11, ¢ =

0.93 in the lower reservoir (corressponding to 1% chemical density contrast), and a constant thermal

expansion coefficient a =3 x 10

K~ (as for the experiments). (a) Shear waves, (b) bulk sound, and

(c) compressional waves. (left) Direct results and (right) averaged signal through 400 x 200 km cells,

comparable to typical Earth’s models resolution.

into the upper mantle with attendant thermal consequences
at the surface.

[44] Pulsations in our analogical experiments provide
another simple explanation for episodicity at a global scale.
As a matter of fact, the amplitude of the heat flux pertur-
bation associated with a dome has the same order of
magnitude as the average heat flux out of the thermal
boundary layers [Le Bars and Davaille, 2004]. An impor-
tant part of thermal transfers is thus attached to the pulsa-
tions of thermochemical structures. Figure 16 presents
the typical variations with the chemical stratification of
the rising velocity w given by equation (23), and of the
estimated associated heat flux Q given by equation (24). A

1% density contrast implies (1) a velocity of 8 cm yr ',

in good agreement with typical velocities given by plate
tectonics and (2) a heat flux of 3 x 10'* W, comparable to
the total heat flux escaping from the Earth (Qgurface ~ 4 X
10'* W [Poirier, 1991]), and even larger than the estimated
flux at the base of the mantle (Qcore ~ 4 x 10'2 W [Poirier,
1991]).

[45] Earth’s thermal history may have been punctuated
by great variations corresponding to thermochemical pul-
sations, and current estimations of evacuated heat may
largely underestimate the reality [see also Romanowicz and
Gung, 2002]. Besides, such pulsations can be qualitatively
and quantitatively related to large-scale geological conse-
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Figure 15. Predicted seismic anomaly in percent depend-
ing on the local temperature excess 6 and the chemical
density contrast Ap,/p, taking xg. = 0.11 in both layers, ® =
0.82 in the upper layer and a variable ® in the lower layer
(top scale): (a) shear waves, (b) bulk sound, and
(c) compressional waves. Dotted lines show the “equili-
brium” position, where thermal effects compensate for
chemical stratification as given by the mean equation (14).

quences, particularly intense volcanism and modifications
of magnetic field.
3.2.1. Pulses of Surface Volcanism

[46] The heat transported by a dome is typically 80 times
larger than the estimated value for Hawaii, the current most
powerful hot spot (Opawaii ~ 3.6 x 10'" W [Schubert et al.,
2001]). We can thus expect each pulsation to have produced
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an intense volcanic activity at the surface. Such periods may
be linked to various interrelated geological consequences
through Earth’s history, such as (Figure 17): (1) episodic
formation of significant quantities of hydrocarbons and coal
[Larson, 1991], as well as the emission of important volumes
of CO, [Caldeira and Rampino, 1991], (2) abundant depos-
its of iron [Isley and Abbott, 1999] and phosphate [Garzanti,
1993], (3) peak in the occurrence and diversity of stromato-
lites [Condie, 1998], (4) significant climatic modifications,
with anoxic conditions and temperature variations [Larson,
1991; Caldeira and Rampino, 1991; Garzanti, 1993; Isley
and Abbott, 1999; Ray and Pande, 1999], (5) mass extinc-
tions [Courtillot and Besse, 1987; Courtillot et al., 1996;
Ray and Pande, 1999], (6) pulses of oceanic and continental
crust production [Larson, 1991; Stein and Hofimann, 1994;
Condie, 1998], (7) rising of oceans level [Sheridan, 1983,
Larson, 1991], and  (8) initiation of major tectonic cycles,
corresponding to the fragmentation and reformation of
supercontinents [Sheridan, 1983; Courtillot and Besse,
1987; Condie, 1998].

[47] The best documented event took place in the Creta-
ceous, between 124 and 83 Myr [Larson, 1991]: it can be
related to the formation of the Darwin Rise. Many other
episodes are proposed, but do not receive general agree-
ment, because lots of proofs are gradually erased from
geological registers. For instance, Condie [2002] proposes
pulsations at 280, 480, 1900, and 2700 Myr. Utsunomiya et
al. [2002] suggest that the Pacific superswell was created
during fragmentation of supercontinent Rodinia 750 Myr
ago, and then performed four pulsations (550—500 Myr,
300—-250 Myr, 124—83 Myr and today); they also connect
the first appearance of the African superswell with the
fragmentation of Pangea 250 Myr ago. Isley and Abbott
[1999] propose a series of four pulses between 2750 and
2000 Myr, at regular intervals of 250 Myr.

3.2.2. Influence of the Departure of a Dome on the
Dynamo

[48] The terrestrial magnetic field is due mainly to

rapid convective motions in the liquid external core. Its
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Figure 16. Typical rising velocity of a dome (stars) and
associated heat flux (squares) as a function of the chemical
stratification.
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Figure 17. Possible geological consequences of thermochemical domes.

polarity has reversed several hundred times during the
past 80 Myr. However, some periods without magnetic
inversion during several tens of millions years are ob-
served in Earth’s history. Such superchrons [Cox, 1982]
are too long to be accepted as part of the usual reversal
process controlled by core dynamics: a lower mantle
influence is thus expected [Courtillot and Besse, 1987;
Larson and Olson, 1991; Merrill and McFadden, 1995].
The apparent correlation between superchrons and periods
of strong volcanism described above [Sheridan, 1983;
Courtillot and Besse, 1987; Larson, 1991] then reinforces
a superplume model: the rising of such a giant thermo-
chemical feature would cause a large temperature de-
crease at the core-mantle boundary, thus a strong increase
in the heat gradient; the larger heat flux would then affect
motions in the core, possibly stabilizing the dynamo
[Larson and Olson, 1991]. The estimated heat flux from
our dynamical model quantitatively agrees with these
proposals.

[49] In addition to these temporal variations, the present-
day antipodal Pacific and African superswells induce het-
erogeneous heat flow boundary conditions at the CMB that
could account for the observed lateral variations of the
geomagnetic field characteristics and for the asymmetric
structure of the inner core [Sumita and Olson, 1999]. They
could also be linked to the suggested occurrence of pre-
ferred pole paths near 90°W and 90°E longitudes during
polarity reversals (see review by Gubbins [1994], but also
Merrill and McFadden [1999]).

[s0] These various phenomena are still controversial:
rapid improvements in dynamo models will soon help to
precisely test them. Besides, we do not claim that the
rising of hot thermochemical domes is the only expla-
nation for the various long-term and large-scale mag-
netic evidence: the sinking of cold structures, as for
instance subducted plates in the alternative “flushing
event” explanation presented above, could actually in-

duce similar effects [Gallet and Hulot, 1997; Labrosse,
2002].

3.3. Pulsations on Mars and Venus

[51] The mantle of some terrestrial planets could also
follow pulsatory dynamics [Herrick and Parmentier, 1994].
As far as Venus is concerned, the observation of meteorites
impacts shows that the surface of this planet was entirely
renewed 300—-500 Myr ago in a very fast process (<10—
50 Myr) [Strom et al., 1994]; since then, its volcanic and
tectonic activities have been considerably reduced. The
explanation for these observations thus demands a fast,
intense and large-scale phenomenon: presuming a two-layer
mantle, it could correspond to an abrupt draining of the
lower or of the upper reservoir, such as we observed in
experiments with small B (Figures 5f, 5g, and 5h). The
absence of rigid tectonic plates could explain the integral
renewal of the surface, in contrast to Earth’s superswells
(Figures 5c, 5d, and 5e. Quantitative estimations of pulsa-
tions period can be derived from results presented in
Figure 9b, taking o ~ 2 x 10> K™ ', p ~ 5250 kg m °, g
~8.6ms 2, AT ~2000 K, H~ 3000 km, k ~ 10 °m?s ™,
and 1, ~ 1072 Pa s [Schubert et al., 2001]: for a less viscous
lower reservoir (y < 1), the period is controlled by the most
viscous upper layer and the minimum of 420 Myr is
obtained; it can become much longer for a most viscous
lower reservoir.

[52] The early evolution of Mars has been marked by
episodes of violent and fast release of enormous quantities of
water stored on the surface [Kargel and Strom, 1992], and
right below the surface [7Tanaka and Chapman, 1992]. These
events could have been triggered by sudden increases in
volcanic activity over large areas [Baker et al., 1991], which
could be consecutive to thermochemical pulsations; the
progressive stirring between the two reservoirs would then
explain why these oscillations and the related volcanism
have finally stopped 1 Gyr ago [Greeley and Schneid, 1991].
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[53] The implications presented here are mainly specula-
tive, and do not allow to choose between the superplume
and the flushing event explanations. However, they point
out that (1) the evolution of various planets exhibits major
cycles of convective activity that can not be explained in
the framework of classical Rayleigh-Bénard convection and
(2) the simple assumption of a second reservoir can explain
these various phenomena, while insisting on the evolution-
ary character of the convective regime.

4. Discussion

[54] Our experimental model precisely quantifies the
effects of density and viscosity contrasts on the two-layer
convection: it thus explains from a fluid dynamics point of
view some key mechanisms taking place in the Earth. It is,
however, impossible to build an experimental miniature
mantle taking into account all natural complications: we
will thus try to estimate their respective influence.

4.1. Presence of the Continents

[s5s] The continents at the surface of the Earth modify the
upper thermal boundary conditions: within the framework
of classical Rayleigh-Bénard convection, their presence
results in focusing rising hot structures [e.g., Guillou and
Jaupart, 1995]. One can thus imagine that this conclusion
will remain essentially unchanged in the case of thermo-
chemical structures. In particular, the presence of a “super-
continent” will encourage the formation of a great dome,
whose energy will be sufficient to split it up, thus initiating a
new tectonic cycle [Sheridan, 1983; Courtillot and Besse,
1987; Condie, 1998].

4.2. Internal Heating
[s6] Mantle rocks are radiogenic, creating internal heat
sources for convection. Besides, heat budgets require the
lower reservoir to be presently radiogenically enriched
[McKenzie and Richter, 1981; Kellogg et al., 1999]. Such a
differentiated heating is not reproducible in our experiments.
We can, however, estimate that it will have a twofold effect in
the mantle. Inside one reservoir independently, the presence
of internal heating will reduce the intensity of small-scale
purely thermal regime: the effective Rayleigh number of a
given layer actually scales as [McKenzie et al., 1974]
Raer; = Rai(1 —r/2), (32)
where Ra; is the Rayleigh number for purely bottom heating
and r the ratio of the internal heat flux over the total heat
flux. However, additional heat sources in the lower reservoir
will increase its average temperature and thus the
temperature difference between the two layers, which will
tend to encourage destabilization. Since our results are
based on a local approach taking into account local density,
viscosity, and temperature contrasts around the interface, the
critical values of the key parameter B delimitating the
different regimes as well as the physical description of their
main characteristics will, however, remain valid.

4.3. Variations of the Viscosity

[57] The variations of viscosity inside the mantle are
poorly known: in addition to the strong dependence on
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pressure and temperature [Karato and Wu, 1993], one must
take into account possible variations of structural origin,
which are not constrained. Current models propose radial
mean vertical profiles [e.g., Forte and Mitrovica, 2001], but
these results are not usable within the framework of whole
layer convection: as shown in Figure 11, large viscosity
fluctuations can indeed be observed in the absence of
planet-wide viscosity stratification, and the value of the
viscosity contrast between layers can only be deduced from
those fluctuations when the chemical field is also known.
[s8] The dependence on pressure is not reproducible in the
laboratory, but it probably has a weak influence on thermo-
chemical structures since the relevant parameter for domes
dynamics corresponds to the viscosity contrast at the inter-
face between the two fluids, therefore at a given pressure.
The dependence on temperature can be mimicked by sugar
solutions: one experiment with liquid sugar “DDC 131~
from Béghin Say has thus been performed (Figure 7). Since
thermal anomalies in the whole layer regime are directly
linked to the chemical composition (see section 2.2), this
experiment exhibits results qualitatively and quantitatively
similar to the other experiments with composition-dependent
viscosity, taking for +y the viscosity contrast at the interface.

4.4. Variations of the Thermal Expansion Coefficient

[s9] The effective variations of the thermal expansion
coefficient do not really influence the large-scale thermo-
chemical regime, since only the average buoyancy force
between layers is important (see discussion by Le Bars and
Davaille [2004]). For instance, Hansen and Yuen [2000]
claim that a buoyancy number of 0.5 is sufficient to stabilize
the deep layer over Earth’s history in their calculations. This
value is calculated with surface properties: taking into
account the decrease of « by a factor 3 within the mantle,
it corresponds to a mean value By.., = 1, in agreement with
our findings and with previous numerical simulations
[Tackley, 1998; Montague and Kellogg, 2000].

[60] The variation of o with depth is, however, of
fundamental importance, since the regime of a given two-
layer system will change with the location of the interface
[Davaille, 1999b]. For instance, as shown in Figure 8, the
whole layer regime for a 1% chemical stratification in the
midmantle corresponds to a temperature contrast of 340 K,
taking =3 x 107> K~! [Poirier, 1991]. The same thermal
anomaly at the base of the mantle, where o ~ 107> K™
[Poirier, 1991], gives an effective buoyancy number B¢ =
2.9, which corresponds to a stratified regime. This mecha-
nism could explain the simultaneous generation of hot spots
(Figure 2b) and superswells (Figure 2e) from a single
geochemical reservoir [Davaille, 1999b]. The D" layer, a
region of seismic anomalies interpreted as a chemically
distinct dense layer at the base of the mantle [Davies and
Gurnis, 1986; Hansen and Yuen, 1988; Lay et al., 1998],
would then correspond to the lower stratified part of this
Teservoir.

[61] One can also notice that as a dome rises, the slow
increase of the thermal expansion coefficient makes thermal
effects more important and decreases the buoyancy number:
the dome thus becomes more and more buoyant as it comes
closer to the surface, an effect which might enhance the
dome velocity. In the more drastic case of a steep gradient
or even a step function of the thermal expansion coefficient,
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the local buoyancy number could locally exceed B.., which
would stabilize the flow. This effect has been seen in recent
numerical experiments (U. Hansen, personal communica-
tion, 2003).

4.5. The 660-km Phase Transition

[62] The major seismic discontinuity in the mantle takes
place around 660 km depth over a very narrow interval. It is
due to an endothermic phase transition [[/to and Takahashi,
1989], possibly coupled with a change in bulk composition
[Schubert et al., 2001, p. 88].

[63] As observed by Schubert et al. [1975], an endo-
thermic phase change has a twofold effect on hot rising
plumes: on the one hand, the temperature excess induces an
upward deflection of the transition depth, thus creating a
negative buoyancy force compared to the surrounding
mantle; on the other hand, the latent heat release from the
phase change induces an extra heating of the convective
feature, thus a positive buoyancy force. The overall effect is
to delay the passage of the structure, all the more when it is
less viscous. When the negative Clapeyron slope is too
strong, heat diffusion cancels the plume thermal buoyancy
before it penetrates the upper mantle [Nakakuki et al., 1994;
Schubert et al., 1995].

[64] One can expect the same mechanism to act on our
large-scale thermochemical structures. The passage of a
dome will be even more difficult because of its chemical
stratification, as demonstrated by the following mechanistic
model. Let 0 be the typical temperature excess of the rising
structure and d be its typical size. 0 decreases through time
because of heat diffusion: in a simple scaling analysis,

00 0
t
9~906Xp _dT/K, . (34)

The dome begins to sink when the effective density contrast
given by equation (15) reaches zero, so at time

2 A
T (&)
K apby
0y corresponds to the temperature excess at the onset of
destabilization, thus according to equations (12) and (14),

(35)

Tdown ™~

d? d?

tdown ~ —— In(B.) ~ 0.02 —. 36
town ~ = In(B) ~ 0.02° (36)

Penetration in the upper mantle is possible when the delay
induced by the phase change is smaller than #4,y,. In the
case of purely thermal plumes, the same type of study gives

d2

tdown,plume

The penetration of a thermochemical structure is more
difficult than the penetration of a thermal feature of the
same size. However, domes are also larger than plumes,
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fluid 3
fluid 2

-
= |fluid 1
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Figure 18. Experiment with three layers (4, = 3.0 cm, &, =
7.8 cm, h3 =4.0 cm, Yo = 56, Y2-3 = 36, Bl,g = 024,
By 3=1.46, Ra=4.4 x 107): (a) =0 min, (b) = 12 min,
(c) t=17 min, and (d) # = 24 min. See color version of this
figure in the HTML.

which counterbalances the previous effect (larger d implies
larger t4,wn thus easier penetration, as observed in the
numerical model by Tackley [1995]).

[65] Impeded structures have, however, important effects
on the upper mantle: as shown by Steinbach and Yuen
[1997], they spread laterally under the transition zone and
create (1) a low-viscosity zone separating upper and lower
mantles and (2) a source of secondary plumes in the upper
mantle. Since we can not realize a phase transition in our
tank, this effect has been illustrated by a three-layer exper-
iment, where the density contrast between the lower layer 1
and the central layer 2 allows a whole layer regime, whereas
the density contrast between the central layer 2 and the
upper layer 3 corresponds to a stable stratification. As
shown in Figure 18, domes then rise from the first interface,
until they are trapped by the second one; a thermal bound-
ary layer then grows between fluids 1 and 3, and gives rise
to thermochemical plumes in the upper layer. Such a
situation seems to take place in the Pacific superswell
[Vinnik et al., 1997]: the “secondary plumes” [Davaille,
1999b; Courtillot et al., 2002] created at the 660 km
interface then generate the multiple short-lived hot spots
observed at the surface [McNutt, 1998].
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[66] To finish with, one must notice that the penetrability
of the 660-km transition depends on the vigor of convection
[Christensen and Yuen, 1985; Zhao et al., 1992; Yuen et al.,
1994] and has thus evolved through time. In thermochem-
ical convection, this will be even more complicated by the
simultaneous influence of B and Ra, which both change
through Earth’s history. Besides, other phase transitions are
also present in the mantle and will affect the dynamics [e.g.,
Steinbach and Yuen, 1997]. Hence more work is necessary
to complete the first-order conclusions proposed here.

4.6. Influence of Plate Tectonics

[67] Plate tectonics is the most important “Earth ingredi-
ent” missing in our tank, since it is the surface signature
of the largest scale of convection on Earth. The latter
is characterized by rigid, two-dimensional, cold sinking
currents, whose distribution seems to delimit today two
“boxes” in Earth’s mantle, with the mantle under the Pacific
isolated from the rest of the mantle by its subduction belt.

[68] The existence of this form of convection is due to the
complex rheology of mantle material [e.g., Bercovici,
2003]. Since we use material with newtonian rheology, this
type of convection is absent in our experiment (indeed, we
do not observe any two-dimensional (2-D), rigid, cold
structures). Therefore our results are quantitatively valid
for Earth’s mantle when they are describing a phenomenon
which happens on temporal and spatial scales smaller than
plate tectonics scales, i.e., a phenomenon with lateral extent
less than a few thousands kilometers (within one box) and a
duration less than a few hundred million years (within a box
lifetime). In that respect, our inferences on superswell
formation and thermochemical instabilities are probably
well grounded. On longer timescales, the time evolution
of the mantle could be quite different from what we can
predict from the scaling laws determined in our study for
two reasons:

[69] 1. Subduction acts to reintroduce chemical hetero-
geneities in the mantle, and therefore could replenish or build
new reservoirs [Davies, 1984; Gurnis, 1986; Christensen
and Hofmann, 1994; Albarede, 1998; Coltice and Ricard,
1999; Albarede and Van der Hilst, 2002]. The convective
history in our experiments is determined, on the contrary, by
the continuous erasing of initial heterogeneities by mixing.
We are therefore lacking a critical source term.

[70] 2. Stirring and mixing by cellular time-dependent
2-D structures, as present in the mantle, is probably
different from mixing produced by the 3-D chaotic
convection obtained in our experiments [e.g., Christensen,
1989; Schmalzl et al., 1996; Ferrachat and Ricard,
1998]. Hence our mixing scaling laws may be erroneous
for the Earth since they do not describe exactly the same
mixing phenomenon.

[71] To estimate this effect requires more work with plate
tectonic convection.

5. Conclusion

[72] Earth’s mantle is heterogeneous: it consists of several
reservoirs with different densities and viscosities, which
survive over very long times, while authorizing motions over
the whole system. To study its dynamics, we have focused on
a simple case of heterogeneous convection: two fluids with
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different densities, viscosities and depths are superimposed
in a tank, then heated from below and cooled from above. Our
purpose is not to build a miniature Earth: the natural com-
plications are too many to be integrated in a single model
(even numerical); besides, the precise characteristics of the
chemical heterogeneities are yet only partially known. How-
ever, we tried (1) to systematically quantify the influence of
density and viscosity contrasts on dynamics of the two-layer
system and (2) to characterize the whole range of behaviors
that may take place in planetary mantles.

[73] In the present paper, we have focused on the whole
layer regime, i.e., on cases where the interface largely
deforms and motions propagate over the whole depth of
the system. Provided the viscosity ratio is larger than 5, a
pulsatory mode then takes place and persists for a very long
time (i.e., hundreds of millions of years in planetary
mantles). This regime is particularly interesting, since it
offers a simple physical explanation to the great geological
crises generally observed on terrestrial planets, and more
specifically to the superswells observed at present on Earth.

[74] Our analogical model addresses the problem of
mantle convection from a fluid dynamics point of view,
starting from existing reservoirs. The physics of the de-
scribed phenomena are robust: they are based on a local
approach taking into account local density, viscosity and
temperature contrasts around the interface of a given reser-
voir. Main conclusions regarding the dynamics, and espe-
cially the occurrence of doming or stratified convection
which depends only on the value of the local buoyancy ratio
across the interface, will thus remain unchanged when
taking into account more Earth-like ingredients, as for
instance the presence of continents or of a phase transition,
which could both also create episodicity. The reconstruction
of the whole evolution of the mantle will now demand to
integrate the continuing processes of creation of chemical
heterogeneities through plate tectonics, which corresponds
to the order zero of mantle convection.
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