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Supplementary information

Seismic signature of high pressure MORB

To test the hypothesis that MORB alone may explain the seismic velocity anomalies observed
in the deep mantle, we used mineral physics data to calculate shear-wave velocity and density
anomalies that would be induced by high pressure MORB.

First, we calculated sensitivities of shear-wave velocity and density to MORB and
temperature using Perple X' and a recent mineral physics database®. We use pyrolite as a
reference composition, and we accounted for variance in the MORB composition in major
oxides (CaO-FeO-MgO-AlL0O3-S10,-Na,O) by considering four different compositions,
similar to those tested in recent models of thermo-chemical convection®. Differences in
MORB composition lead to differences in MORB sensitivities, which we use to estimate error
bars on these sensitivities. In the layer 2670 < z < 2891 km, we find that the sensitivities of

shear-wave velocity, and density to MORB are

Vs — (1.45 + 0.52) x 102
0XMORB

and —2"° — (1.68 4+ 0.48) x 1072,
0XMORB

respectively. In the same layer, the sensitivity of shear-wave velocity and density to

temperature are
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"”;;’5 = (—2.19 4+ 0.18) x 10~5 K1
and % = (—=1.24+ 0.15) x 105 K1,

respectively. Clearly, high-pressure MORB is seismically faster and denser than the average
pyrolitic mantle. Thus, to explain the large low shear-wave velocity provinces (LLVSP)
observed at the bottom of the mantle, reservoirs of recycled MORB should be much hotter
than average. Furthermore, shear-wave and density anomalies should be positively correlated,
in contradiction with the distributions observed by normal mode tomography™*.

Second, we used the sensitivities to MORB and temperature determined in the previous
paragraph to calculate seismic anomalies induced by high pressure MORB and temperature
anomalies between + 2000 K. In the layer 2670 < z < 2891 km, our calculations indicate that
to induce a shear-wave velocity anomaly of -2.0% (typical of the anomalies observed in
LLVSP), MORB should be hotter than the average mantle by about 1500 K, which is an
unrealistic value (Supplementary Fig. 1). In addition, because shear-wave velocity and density
anomalies have opposite sign only in a limited range of temperature, it would be difficult to
explain the lack of correlation between density and shear-wave velocity anomalies.

According to these results, MORB alone may hardly explain all the observed
tomographic features. An additional deep reservoir of non-pyrolitic material is thus needed to
explain these observations. Probabilistic tomography suggests that the additional reservoir
may be richer in iron and perovskite® (excess in iron decreases shear-wave velocity but
increases density, whereas excess in perovskite increases bulk-sound velocity), which is
consistent with enstatite chondrite models of Earth’s composition®’. Interestingly, recent
mineral physics experimentsS6 predict an excess in iron as a result of the crystallization of a

basal magma ocean. These experiments, however, also suggest a depletion in silicate.
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Supplementary Figure 1 | Shear-wave velocity (red) and density (green) anomalies induced by
MORB material as a function of temperature anomaly. Anomalies are calculated in the depth
range 2670 < z < 2891 km. The thick dashed lines plot the average anomalies, and the shaded areas

cover one standard deviation around these average. Sensitivities of shear-wave Velocity and density

were calculated using Perple X®' in combination with a recent mineral physics database®”.

Mass balance geochemical calculations

To estimate the Helium isotopic ratio in plumes ([4He/3He]p1umes) as a function of the mass
fraction of primitive material transported by plumes, we performed mass balance geochemical
calculations®’. Assuming that OIB sample both the regular pyrolitic mantle and a primitive

reservoir, the Helium isotopic ratio in plumes is
“He “He “He
el =elm| va-wofgE] (M

where [*He/*Helpm and [*He/’He]rm are the Helium isotopic ratios in the primitive and

plumes

regular (pyrolitic) material, respectively. A good estimate of [*“He/*Helrm is given by the

Helium isotopic ratio of MORB, which varies between 90000 and 120000%%3%-510,
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[*He/*He]pum, on the other hand, is not precisely known, and the only constraint is that it must

be lower than the lowest value observed in OIB, i.e. 15000%'". The coefficient o is given by®’

XpMRH
=—— " (2)
1+xpm(Rye—1)

where xpm is the mass fraction of primitive material entrained in the plume (or simply,
entrainment). One may also use the ratio between the masses of regular and primitive

materials, v = Mrm/Mpm = (1 — xpm)/ Xpym, in Which case

a =—"He 3)

"~ RpetTMm
In Egs. (2) and (3), Ry is the ratio between the concentrations in “He in the primitive and
regular materials,

[ 3He]PM

[FHe]

Rye =

4)

The value of [*Helpm depends on the initial Helium isotopic ratio, which is not well
constrained. For the Earth’s mantle, the value of Ry, may yield between 250 and 600%,
corresponding to values of [*He/*He]pm between 14200 and 11500, respectively. Assuming a
1% entrainment (i.e., a mass fraction of primitive material in plume equal to 1%),
[*He/*He]piumes is equal to 38500 for Rye = 250 ([*He/*Helpm = 14200), and 24000 for Ry =
600 ([*He/’He]pm = 11500).

The mass fraction of primitive material in plumes, xppm, should not exceed a maximum
value, Xpy, which depends on Ry (and thus on [*He/*Helpm). If xpm exceeds this value, the
Helium isotopic ratio in plumes would be lower than the lowest value observed in OIB. To
calculate Xpy as a function of [*He/*He]piumes, One just needs to revert Eq. 1, and replace o by
its expression (Eq. 2)

[ “He/ 3He]RM—[ “He/ *He]
[ *He/ 3He]RM+(RHe—1)[ “He/ 3He]

Plumes . (5)

XPM - _RHe[4He/ 3He]pM

Plumes
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Ru. depends on [*He/’Helpy, and here we varied its values linearly between 250 (for
[*He/*Helpm = 14200), and 600 (for [*He/*He]pm = 11500). We calculated Xpy as a function of
[*He/*Helpum by fixing [*He/*He]piumes = 15000 and [*He/*Helrm = 100000 in Eq. (5). Its value
varies between about 4% and 30% for Ry. = 600 ([*He/*Helpm = 11500) and Rpe = 250

([*He/’He]pm = 14200), respectively (Supplementary Fig. 2).
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Supplementary Figure 2 | Fraction of entrained prlmltlve material in plumes as a function of
the isotopic Helium ratio in the primitive reservoir, [*He/*He]pm. The red curve shows the fraction
of primitive material in plumes that should not be exceeded (Xpm), i.e. the fraction of primitive
material for which the isotopic Helium ratlo in plumes, [ ‘He/? Helprumes, 18 equal to 15000. The thick
dashed line indicates the upper limit of [*He/’He]py, and the associated value of Xpy, here 30%. Larger
values may be excluded. The dark blue shaded area covers the range of fraction of entrained
primordial material in plumes (xpy) predicted by models of thermo-chemical convection in which
stable pools are generated, and the light blue shaded area covers all our models.

Geodynamical modeling

The numerical experiments presented in this study were performed with StagYY®'?, which
solves the conservative equations of mass, momentum, energy, and composition for an
anelastic, compressible fluid with infinite Prandtl number. Calculations are made on 3D-

Cartesian staggered grids (with scalar and vectorial quantities being calculated at the center
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and on the sides of each cell, respectively) of dimension 128x128x64 and aspect ratio 4. The
grid spacing is vertically refined in the top and bottom parts of the system. All boundaries are

S13.814 __ .
7, with some

free slip. The experimental setup is close to that used in previous works
modifications (see below).

The system is heated both from the bottom and from within, and the heating rate of the
primitive material is increased by a factor 10. The mantle heating rate is then adjusted such
that the total heat production is equivalent to a surface heat flux of 65 mW/m’.
Compressibility induces additional sources and sinks of heat that are controlled by the
dissipation number, Di, which depends on the thermal expansion and thus varies with depth.
In all our calculations, the surface and volume average values of the dissipation number are
Dig = 1.2 and <Di> = 0.43, respectively.

The conservation equations involve a reference state, which consists of a set of vertical
profiles for the density, the thermal conductivity, and the temperature. These profiles are
calculated using appropriate thermodynamic relationships®'® and are plotted on
Supplementary Fig. 3. Density and thermal expansion are scaled with respect to their surface
values, and the temperature is scaled with respect to the super-adiabatic temperature
difference across the system, A7s. The thermodynamic properties used to build the reference
state are listed in Supplementary Table 1, together with other scalings and properties.

The viscosity depends on depth and temperature, but not on composition. Viscosity
follows an Arrhenius function in temperature, and an exponential law in depth. An additional
viscosity jump of 30 is imposed at 660 km depth. The viscosity is thus fully described as a

function of depth z and temperature 7 by

AT
n(zT) = no [1+ 29H(z — 660)lexp [&, £ + &r r—| (6)
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where 1 is a reference viscosity, H is the Heaviside step function, 7T, the temperature offset
(which is added to the temperature to reduce the viscosity jump across the top boundary), and
D the mantle thickness. The viscosity variations with depth and temperature are controlled by
the logarithmic ratios &, and &r, respectively. In all the calculations reported in this paper, the
reference viscosity is defined at z = 0 and for the surface temperature of the adiabat (i.e. Ty =
0.64ATs), and we fixed &r = 13.816, &, = 2.303, and T, = 0.88ATs, which leads to top to

bottom thermal viscosity ratio of about 4000, and a bottom to top depth viscosity ratio of 300.
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Supplementary Figure 3 | Reference thermodynamic profiles. Ti.f, Pre, Orer, and ks are the

reference temperature, density, thermal expansion, and thermal diffusivity, respectively.

Because the fluid properties (viscosity, thermal expansion, thermal diffusivity and
density) are allowed to vary throughout the system, the definition of the Rayleigh number is
non-unique. At each time step, an effective Rayleigh number can be calculated from the

average properties of the system. As input, however, one needs to prescribe a reference
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Rayleigh number calculated with reference values of the thermodynamic and rheological
parameters. In our calculations, we prescribed a modified surface Rayleigh number defined
with the surface values of the thermodynamic parameters and with the viscosity at the surface

value of the adiabat (7,s = 0.64ATs),

aspsgATsD3

Rag =
S NoKs

(7)

where as, ps and ks the surface thermal expansion, density, and thermal diffusivity,
respectively. The modified surface Rayleigh number remains constant during the entire run
(the reference adiabat and the surface values of all parameters are assumed constant with
time), and in all our calculations we fixed its value Ras= 10°. This leads to values of effective
Rayleigh number around 3.0x10° whatever the experiment, which is consistent with expected
values of the Rayleigh number for the Earth’s mantle (typically, 10° < Rayange < 107).

The compositional field is modeled with a collection of 15 million particle tracers. We
defined two types of particles, for the primitive and regular materials (representing the
primitive reservoir and the pyrolitic mantle), respectively. The fraction of primitive material is
controlled by prescribing the fraction of dense particles, which we fix to 10% in all
experiments. Particles of primitive material are initially distributed in a layer at the bottom of
the system. For geometrical reasons, the thickness of this layer is numerically equal to the
fraction of primitive material (thus 0.1 in non-dimensional units, i.e. about 300 km when
scaled to the Earth’s mantle thickness). Tracers are advected following a 4™ order Runge-
Kutta method, and at each time step the compositional field is obtained by calculating the
concentration C of particles of primitive material in each cell. This concentration varies
between O (for a cell filled with regular material only) and 1 (for a cell filled with primitive

material only).
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Parameter Symbol Value Units Non-
dimensional

Non-dimensional parameters

Reference Rayleigh number Rag 10
Buoyancy ratio B, 0.14-0.26
Volume fraction of dense material X 0.1
Surface dissipation number Dig 1.2
Volume average dissipative number Di 0.43
Total internal heating Hc 65 mW m? 25
Compositional heating ratio AHc 10

Physical & thermo-dynamical

parameters

Acceleration of gravity g 9.81 ms” 1.0
Mantle thickness D 2891 km 1.0

Initial thickness of primitive layer dprim 289.1 km 0.1
Reference adiabat Tas 1600 K 0.64
Super-adiabatic temperature difference ATy 2500 K 1.0
Surface density Ps 3300 kg/m’ 1.0
Surface thermal expansion o 5.0x107 K 1.0
Surface thermal diffusivity Ks 6.24x107 m’s’ 1.0

Heat capacity Cp 1200 Tkg' K! 1.0
Surface conductivity ks 3.0 Wm' K! 1.0
Surface Griineisen parameter Ys 1.091

Density at 660 km Poso 4300 kg/m’ 1.3
Thermal expansion at 660 km Ole60 2.2x107 K 0.44
Density jump at z = 660 km Apeso 400 kg/m’ 0.1212
Clapeyron slope at z = 660 km Ceso -3.0-0.0 MPa K -0.8x10™" - 0.0
Viscosity law

Reference viscosity Mo 1.6x10% Pas 1.0
Viscosity ratio at z = 660 km Aneeo 30

Logarithmic thermal viscosity ratio Er 13.816

Logarithmic vertical viscosity ratio &, 2.303

Logarithmic compositional viscosity ratio & 0

Dimensional scalings

Velocity v 1.0 cm yr! 1468
Time t 424 Gyr 1.0

Heat flux @ 2.6 mW m? 1.0
Internal heating rate H 2.72x107" W kg 1.0
Supplementary Table 1 | Parameters and scalings

S13,S14

The main change compared to our previous experiments

the chemical buoyancy ratio, B., which measures the chemical density contrast between the

concerns the definition of

primitive and regular materials, and is here defined relatively to the surface density ps,
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Apc
B, = —=2Pc (8)

aspsATs
By contrast, in our previous studies the buoyancy ratio was defined relatively to the reference
density profile p(z), i.e. that for a fixed value of B, the chemical density contrast increases
with depth. The definition of the buoyancy ratio has substantial influence on the dynamics of
the system and on the thermo-chemical distributions. In particular, the value of B, required to
obtain a chemical stratification of the system is larger when the surface density is taken as
reference density. Furthermore, with this definition of B, small scale compositional
anomalies are more easily generated and the topography of the dense reservoirs is less
pronounced. However, general the conclusions concerning the role of physical and
rheological parameters in the formation and survival of the dense reservoirs are similar to

513514 Values of B, for the Earth’s mantle can be estimated

those made in our previous studies
from the chemical density anomalies inferred from probabilistic tomography™*. Peak to peak,
these anomalies reach 1.5% with respect to PREM®', i.e. a density contrast of about 80.0 kg
m™ (where we assumed an average density of the lowermost mantle pr v = 5400 kg m™).
Taking as = 5.0x10° K™, ps = 3300 kg m™, and assuming 2000 < ATs < 3000 K, B, for the
Earth’s mantle yields between 0.16 and 0.24. Note that this range does not account for
uncertainties in observed density anomalies, and may be extended by 20-30%. In this study,
we conducted experiments for values of B, in the range 0.14 — 0.26.

The phase change at 660 km is modeled with a discontinuous phase transition that is
controlled by defining a point on the phase boundary and a Clapeyron slope, I'ss0. Here, we

imposed z = 660 km and 7 = 1900 K as anchor point, and we varied ['¢s0 between -3.0 and 0

MPa/K. The density contrast at the phase transition is Apgso = 400 kg/m’ and is scaled with
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the surface density. An endothermic phase transition induces some negative buoyancy, which
is measured by the phase transition buoyancy ratio,

TAppT
— 9
aprpgrgD ’ ©)

Bpr = —
where opr, ppr, and Appr, are the thermal expansion, density, and density jump, at the phase
transition. For the 660 km phase transition of the Earth’s mantle, the thermodynamic
reference model we used indicate that oo = 2.2x10° K™ and peso = 4300 kg/m’. Taking
Apeso = 400 kg/m’, the phase transition buoyancy ratio at 660 km is Bpr = —0.034T ¢ (With
I's60 in MPa/K). The value of ['¢ep is still debated, a difficulty being that the mantle aggregate
consists of several minerals whose transitions occur at different pressures and have different
Clapeyron slopes. The 660 km transition is associated with the transformation of ringwoodite
in perovskite and periclase, and the Calpeyron slope of this transition is between -3.0 and -2.0
MPa/K3'752° The transformation of garnets occurs at greater depths with a Clapeyron slope
between +1.0 and +2.0 MPa/K>'?52!, Ringwoodite dominates the mantle aggregate between
520 and 660 km, and its transformation around 660 km constitutes a barrier for downwelling
slabs and upwelling plumes around this depth, whatever the effect of garnets at greater depths.
The most likely value for I'¢e0, according to published experiments and calculations, should
therefore be in the range -3.0 < I'ggp < -2.0 MPa/K. However, to account for the potential
effects of garnet at greater depths, a larger range may be considered, typically -3.0 < I'¢eo < -

1.0 MPa/K. For these values, Bpr yields between 0.102 and 0.034.

Thermo-chemical distributions from numerical experiments
We conducted experiments of thermo-chemical convection for chemical buoyancy ratios

between 0.14 and 0.26, and Clapeyron slopes of the 660 km phase transition between -3.0 and
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0.0 MPa/K. Each experiment is run up to a non-dimensional time of 2.12x107, which
corresponds to a dimensional time of 9.0 Gyr (see scaling in Table S1), and starts with a
transient phase about 1.3 to 1.7 Gyr long, during which the basal dense layer is heating up and
the whole system is stable. The actual Earth probably started very hot so this early phase
would have been over very quickly, but the long term solution is not expected to be
influenced by initial condition. As convection starts, large plumes are generated resulting in a
pulse of entrainment of primitive material. The duration of this overshoot phase is typically of
0.8 Gyr. The system finally reaches a nearly equilibrium state, in which the flow pattern is
slowly evolving. In particular plumes locations slightly oscillate around average positions.
The long-term stable phase is reached at times of about 2.5 to 3.4 Gyr, depending on the case.

S13.514 e observe, after the transient and overshoot phases, the

As in previous studies
formation of thermo-chemical structures, whose shape and stability depend on the values of
B. and T'¢60 (see main text and Fig. 2). It is important to derive quantitative features from the
distributions in temperature and composition obtained by each model, to better describe them
and test them against existing constraints (mainly from seismology). In particular, thermal and

chemical contributions to the relative density anomalies can be calculated from the profiles of

the horizontally averaged temperature and composition (T'(z) and C (2)),

_ alT (xy,2)~T(2)]

dinpr(x,y,z) = [1—a(T(2)-Ts)+asATsB.C(2z)] ° (10)
aSATSBC[C(x'y'Z)_E(Z)]
[1-a(T(2)-Ts)+asATsB.C(z)] °

and dinp.(x,y,z) = (11)

First hints about the thermo-chemical structure can be deduced from the profiles of the
RMS in dlnpr and dlnp.. A strong chemical stratification results in a RMS of dIlnp, that peaks
around the interface between the dense and regular materials and is zero elsewhere, whereas

an efficient mixing leads to a RMS of dlnp, that is small and does not vary with depth. Pools
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0

Supplementary Figure 4 | Spectral heterogeneity maps (SHM, left column) and vertical
profiles of RMS (right column) of chemical density anomalies for four cases. (a-b) Buoyancy ratio
B.=0.22, clapeyron slope of the phase transition at 660 km I'¢s0 = -2.5 MPa/K. (c-d) B. = 0.20, ['¢eo =
-2.5 MPa/K. (e-f) B. = 0.20, I'¢e0 = -1.0 MPa/K. (g-h) B. = 0.16, ['¢e0 = -2.5 MPa/K. SHM are plotted
with both a color scale and contour levels (red curves, interval is 0.2). d is the non-dimensional depth,
scaled w%th D = 2891 km. All snapshots are taken at time ¢ = 6.3 Gyr (non-dimensional time #,4, =
1.48x107™).
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RMS(dInp,)
1

2

Supplementary Figure 5 | Spectral heterogeneity maps (SHM, left column) and vertical profiles
of RMS (right column) of thermal density anomalies for four cases. (a-b) Buoyancy ratio B, =
0.22, and clapeyron slope of the phase transition at 660 km ['¢so = -2.5 MPa/K. (c-d) B. = 0.20, I'¢s0 = -
2.5 MPa/K. (e-f) B. = 0.20, I'¢s0 = -1.0 MPa/K. (g-h) B. = 0.16, ['¢s0 = -2.5 MPa/K. SHM are plotted
with both a color scale and contour levels (red curves, interval is 0.2). d is the non-dimensional depth,

scaled w%th D = 2891 km. All snapshots are taken at time ¢ = 6.3 Gyr (non-dimensional time ?.4i, =
1.48%x107).
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of dense material standing at the bottom of the system result in a RMS of dlnp. that strongly
varies with depth. The shape of the RMS profile depends however on the topography and
lateral extension of the pools. Similarly, the arrival and spreading of plumes beneath the
surface lead to a strong increase in the RMS of dlnpr. More detailed information can be
inferred from spectral heterogeneity maps (SHM)>* of dinpr and dInp., which plot the 2D
Fourier power spectra of these distributions as function of depth. Supplementary Figs. 4 and 5
show examples of RMS profiles and SHMs for four cases, including stable thermo-chemical

pools and eroding thermo-chemical piles (note that in the SHMs plots, the 2D wave number &

is defined from the wave numbers along the x- and y- directions, k = /kxz + ky2 ). Stable

thermo-chemical pools induce strong chemical density anomalies at the bottom of the system.
In contrast, eroding piles induce small to moderate chemical density anomalies (these
anomalies are actually decreasing in amplitude with time, as shown below). Note that in all
cases, strong thermal density anomalies due to the spreading of the plumes beneath the
surface are present in the top part of the system.

It has been pointed out that the uncertainties and vertical parameterizations of
tomographic models are such that RMS profiles alone may not be sufficient to discriminate
between possible models of mantle convection®. To decide whether a given model agrees
with tomography, comparisons between power spectra of the observed and modeled density
anomalies are needed. Because tomographic models are developed in spherical harmonics,
relevant comparisons with observed density models requires to sum up the Fourier spectra of
density anomalies over the wave number k. Noting that the power per surface unit must be
equal in both Fourier and harmonic expansions, the signal contained in spherical harmonic

degree £ is obtained by summing the 2D wave-number in the range>**
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e+§smse+§, (12)

where R is the Earth’s radius. For comparison with probabilistic tomography, only spherical
harmonic degrees 2, 4 and 6 are needed, and additional radial averaging according to the
radial parameterization of probabilistic tomography must be performed. Fig. 2 compares the
time evolution of the power spectra of thermal and chemical density anomalies in the
lowermost layer (2000 < z < 2891 km) obtained for four cases, with the power spectra from
probabilistic tomography (horizontal shaded areas). The power spectra of both the thermal
and chemical density anomalies associated with the large pools fit well probabilistic
tomography at any times (except, of course, during the initial transient phase). In contrast, the
power spectra of the chemical density anomalies associated with eroding piles strongly
decrease with time, and do not fit probabilistic tomography in the long term.
A measure of the erosion is given by the average altitude of dense material®'?,
(he) = 5 J (1 — 2)C(x, y,2)dY, (13)

where ¥ is the total volume of the model. Initially, <hc> is equal to half the thickness of the
initial layer, dprim/2 (Where dprim = 0.1D in all our calculations, and D is the total thickness of
the system, equal to 2891 km in the case of the Earth’s mantle). By the end of the calculation
the value of <hc> depends on the degree of mixing between the dense and regular material,
and varies from dyin/2 for cases with strong chemical stratification, to D/2 for cases with
efficient mixing. In our experiments, <Ac> is constant at 0.05D during the heating phase,
peaks during the overshoot phase, and finally oscillates around a constant value when a nearly
equilibrium state is reached (Fig. 3). At this stage, a value of <Ac> around 0.5D indicates that
regular and primitive materials are well mixed, i.e. pools have been severely or entirely

eroded. By contrast, a value of <Ac> significantly lower than 0.5D, as observed for models
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with B, = 0.22, indicates that pools experience only a slight erosion and remain stable over

period of time comparable to the age of the Earth.

Plume detection and mass fraction of primitive material in plumes

Small amounts of primitive material are entrained upwards in thermal plumes. An important
quantity that can be related to geochemical observations and mass balance calculations is the
entrainment of primitive material, i.e. the mass fraction of primitive material in plumes with
respect to the total mass of the plume (xpym). To estimate this fraction, we followed a two step

S25

approach. First, we applied a plume detection technique” to the temperature distributions

predicted by our models. A pixel is assumed to be part of the plume if its temperature satisfies
T(x,y,2) 2 T(2) + c[Thax(2) = T(2)], (14)
where Tmax(z) is the maximum temperature at depth z, and ¢ a constant independent of depth.
Choosing the value of ¢ is somehow arbitrary, and a too small (large) value will overestimate
(underestimate) the size of the plume. We solved this problem by repeating calculations of
xpm for several values of ¢ within a prescribed range. Assuming 0.4 < ¢ < 0.6, we found that
the variance in xpy is around 0.3-0.6 %, depending on the case, which is smaller than the
variance obtained by time-averaging (see below). Second, we calculate the ratio between the

mass of primitive material in the detected plume and the total mass of these plumes following

X _ Yxyz<660 PPMCAY Yy z<660 C[1—asATs(T—Ts)+asATsBc] (15)
pM 2x,y,z<660 PAY Yxy,z<660[1—asAT s(T—Ts)+asATsB:C] ’

where dV, p, pepm, T, and C are the element volume, density, density of the primitive material,
temperature and concentration in dense particles at a given location. Note that the summations
in (Eq. 15) are restricted to the region located above the phase transition, representing the

upper mantle in the case of the Earth. This ratio is varying with time, but once the nearly
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equilibrium flow has been reached, these changes remain small to moderate (Supplementary
Fig. 6). To account for this possible source of uncertainty, we averaged xpy over the last third
of the run, corresponding to a period of 3.0 Gyr. Resulting variances range from less than 1%

up to about 6%, depending on the case. We use these variances as a measure of the error bar

on xXpm.
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08 —— B.=0.20, I'ggp = -2.5 MPa/K =
Tt B = 0.20, T'ggp = -1.0 MPa/K d
i B:=0.16, I'ggp = -2.5 MPa/K .
S 06 |- =
S - d
[ = - =
& i ]
E 0.4 B 7
0.2 =
00 L 1 L
0.0 2.0 4.0 6.0 8.0
Time (Gyr)
Supplementary Figure 6 | Time evolution of the entrainment for four cases. Entrainment is

defined by Eq. 15. The cases considered are detailed in the legend, where B, is the buoyancy ratio and
Isco the clapeyron slope of the phase transition at 660 km). The grey shaded band indicates the time
range in which entrainment was averaged out.

Both the chemical density contrast between primitive and regular materials and the
endothermic phase change act as a negative buoyancy, i.e. oppose the upwards motion of
primitive material and its penetration in the upper mantle. Our experiments indicate that xpy is
mainly controlled by the chemical buoyancy ratio and to a lesser extent by the Clapeyron
slope of the 660 km phase transition (Fig. 4). In experiments with B, > 0.22 (corresponding to
the stable pools), xpm is smaller than 7% whatever the value of I'¢s0 We considered (except for

I'ss0 = 0), whereas in experiments with B, < 0.16 (corresponding to the eroding piles), xpy is

18 NATURE GEOSCIENCE | www.nature.com/naturegeoscience

© 2011 Macmillan Publishers Limited. All rights reserved.



DOI: 10:1038/NGEOT295 SUPPLEMENTARY INFORMATION

larger than 11% for all the values of I'¢s0 we considered. For intermediate values of B., the
Clapeyron slope of the phase transition plays a significant role in controlling the entrainment
of primitive material. If ['¢¢0 is low enough, the additional negative buoyancy provided by the
endothermic phase transition prevents upwards flow of primitive material across the phase

transition, and xpym keeps below 10%.

Resolution tests

Quantifying the entrainment of primitive material accurately requires appropriate spatial
resolution. The calculations we used to estimate the entrainment were performed on grids
with 128x128x%64 points and used 15 millions tracers, i.e. a concentration in tracers of about
15 tracers per cell. Resolution tests done in previous studies®*® indicate that this grid size and
concentration of tracers is sufficient. We performed additional tests (Supplementary Fig. 7)
for the specific experimental setup designed in our calculations (see Geodynamic Modeling
section), fixing B, = 0.22, &r = 13.816, and I = -2.5 MPa/K. First, we tested different grid
sizes and fixed the concentration in tracers to 15 tracers per cell (Supplementary Fig. 7a). For
all grids, the aspect ratio is equal to 4, and the number of grid points in the x and y direction is
twice that in the vertical direction. The measured entrainment strongly decreases with
increasing resolution up to a grid with 96x96x48 points. For finer grids (up to 192x192x96
points), the entrainment slowly decreases but remains in the range 3.5-4.5 %. Second, we
fixed the grid resolution to 128x128x%64 points and varied the concentration of tracers
(Supplementary Fig. 7b). The measured entrainment strongly increases up to a concentration
of 10 tracers per cell. For larger values (up to 50 tracers per cell), the measured entrainment
remains stable around 4%. Overall, the additional resolution tests we performed indicate that

the grid resolution (128x128%64 points) and tracer concentration (15 tracers per cell) we used
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in our main series of experiments allow accurate measurements of the entrainment of dense
material in plumes. Using better resolutions would induce discrepancies that are within the

error bars estimated from the time variance of the entrainment.
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Supplementary Figure 7 | Resolution tests. (a) Entrainment as a function of the grid size. The
average number of tracers per cell is 15 for all experiments. The x-axis represents the number of
vertical points, npz. The number of points in the x and y direction is twice npz. (b) Entrainment as a
function of the average number of tracers per cell. The grid size is 128x128x64 for all experiments.
The resolution used in our main series of experiments is denoted by the orange symbol.
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Influence of thermal viscosity contrast and thermal expansion

Thermal viscosity contrast strongly influences the dynamics of primitive reservoir®'®. If
viscosity is kept constant with temperature, primitive reservoirs are swept out within a short
(< 1 Gyr) period of time. The viscosity of mantle materials (including that of olivine and
perovskite) is, however, strongly temperature dependent, this dependence being controlled by
the activation energy of each mineral. It is therefore reasonable to include strong thermal
viscosity variations in numerical models of mantle dynamics. To estimate the influence of the
amplitude of thermal viscosity variations on the entrainment, we performed an additional
series of calculations with values of the logarithmic thermal viscosity contrast &r (Eq. 6)
between 0 and 23.026. This parameter models the activation energy E, = ErATsR, where ATs
and R = 8.32 are the super-adiabatic temperature jump and the ideal gas constant,
respectively. In all additional experiments, the chemical buoyancy ratio and clapeyron slope
at 660 km are fixed to B, = 0.22 and I'¢e0 = -2.5 MPa/K, respectively. Supplementary Fig. 8
shows the entrainment as a function of &r. For & = 0 (viscosity does not depend on
temperature) pools of dense material experience strong erosion, and the entrainment of
primitive material reaches 16%. Erosion and entrainment then sharply decrease with
increasing thermal viscosity contrast. For &t = 23.026 (activation energy around 480 kJ/mol)
the entrainment has droped to 1%. The thermal viscosity contrast we imposed in our main
calculations (§1 = 13.816) is equivalent to an activation energy of about 290 kJ/mol, a
conservative value for the lower mantle>?’. For this value of Er entrainment is small, around
4%. According to our additional calculations, larger activation energies would lead to smaller
entrainment, hence strengthening our main conclusion that OIB plumes partially sample a

deep reservoir of primitive material.
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Supplementary Figure 8 | Influence of the thermal viscosity contrast on the entrainment of
dense material. The buoyancy ratio and the clapeyron slope of the phase transition at 660 km are B, =
0.22 and T'¢sp = -2.5 MPa/K, respectively. Results are plotted both as a function of the logarithmic
thermal viscosity contrast &r (bottom) and of the corresponding activation energy (top). The shaded
band covers a possible range of activation energy for lower mantle aggregate®*’. The thermal viscosity
contrast used in our main series of experiments is denoted by the orange symbol.

Thermal expansion o controls thermal buoyancy, and its variations with pressure and
temperature may influence the dynamics of the primitive reservoirs. Our models account for
the variations of a with depth through the prescription of a reference profile in the momentum
and energy conservative equations®'>. The reference o decreases by a factor 5 from top to
bottom (Supplementary Fig. 3), i.e. thermal buoyancy strongly decreases with depth. This
promotes chemical buoyancy, allowing the survival of reservoirs of dense material or, if the
buoyancy ratio is strong enough, a chemical stratification. As discussed in the modelling
section, we used a definition of the buoyancy ratio based on the surface values of
thermodynamic paramaters (Eq. 9). If defined relative to the radial reference thermal

expansion, the buoyancy ratio decrease with increasing depth. This decrease is however

22 NATURE GEOSCIENCE | www.nature.com/naturegeoscience
© 2011 Macmillan Publishers Limited. All rights reserved.



DOI: 10:1038/NGEOT295 SUPPLEMENTARY INFORMATION

partially balanced by the increase in reference density (Supplementary Fig. 3). Compared to a
definition based on the vertical profile these parameters, our approach may thus induce small
differences in the topology of the primitive reservoirs, but may not modify the stability of
these reservoirs. Thermal expansion also varies with temperature, but our models do not
account for these variations. At ambient pressure, thermal expansion of MgSiO3 perovskite

increase with temperature and is well fitted by

as(T) =a, +a,T+= (16)

Tz
with a; = 2.066x10° K, a> = 0.909x10® K™, and a3 = -0.418 K***. Assuming that a similar
increase holds at high pressure, a 2500 K super-adiabatic temperature jump would result in a
doubling of a from top to bottom, hence partially balancing the effect of pressure. Lateral
variations in temperature of 500 K would induce a 10% change in o.. Because in our models
primitive reservoirs appear hotter than average (Fig. 1), their o would be slightly larger than
in the surrounding mantle. Overall, the effect of temperature on thermal expansion opposes
the chemical buoyancy, and a slightly larger (say, 10-20%) buoyancy ratio may be required to
keep primitive reservoirs stable. Such increase is accommodated by uncertainties in observed
density anomalies® (see modelling section). Additional modelling is of course needed to
accurately quantify the influence of a temperature-dependent thermal expansion, but one may
note that an increase in B, a priori reduces the entrainment. Finally, it is worth noting that
thermal expansion may also depend on chemistry. Using a; = 3.681x10° K™, @, = 0.9283x10"
® K, and a3 = -0.7445 K5%°, the thermal expansion of periclase (MgQO) at ambient pressure
and temperature is larger than that of perovskite by about 70%. Therefore, assuming that
primitive reservoirs are enriched in perovskite, as suggested by probabilistic tomography®™*,

and if the difference between the thermal expansion of perovskite and periclase still holds at
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lower mantle pressure, the thermal variations of the thermal expansion would be partially

balanced by its variations with composition.
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