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A deep mantle origin for the primitive signature of

ocean island basalt

Frédéric Deschamps'*, Edouard Kaminski? and Paul J. Tackley'

Seismological observations have identified large-scale com-
positional heterogeneities in the Earth's deep mantle™>. These
heterogeneities may represent reservoirs of primitive material
that differentiated early in Earth's history®%. The volcanic
rocks that make up ocean islands are thought to be sourced,
in part, from these deep reservoirs, with the primitive material
transported to the surface via mantle plumes. Geochemical
signatures within the erupted ocean island basalts further
support the idea that the regions of heterogeneity are
composed of primitive, undegassed mantle material”®",
Here we perform numerical experiments of thermo-chemical
convection to simulate the entrainment of primitive material
by plumes generated at the top of primitive reservoirs in
the deep mantle. We vary the chemical density contrast
between the primitive, undegassed and regular, degassed
mantle materials. We find that the simulations that reproduce
the observed geometry of the heterogeneous regions also
explain the geochemical signatures measured in ocean island
basalts. In these simulations, the entrainment of primitive
material into the mantle plume does not exceed 9%. We
conclude that the presence of primitive reservoirs in the deep
mantle is dynamically feasible and satisfies both seismological
and geochemical constraints.

Increasing seismological evidence, mainly from seismic velocity
ratios'? and from normal mode tomography*® indicates the
existence of large-scale thermo-chemical heterogeneities in the
lowermost (>2,000km) mantle. The origin and nature of these
chemical anomalies are still debated. Two endmember hypotheses,
the subduction and segregation of mid-ocean-ridge basalt (MORB),
and the survival of primitive reservoirs of dense material, are
usually advocated. Subducted MORB is certainly contributing to
the thermo-chemical structure of the deep mantle, but because it
is seismically faster and denser than the average pyrolitic mantle it
cannot explain alone all the features of global seismic tomography
models, in particular the lack of correlation between density and
shear-wave velocity anomalies (Supplementary Information). An
additional deep reservoir of non-pyrolitic material is thus needed
to fully explain seismological observations. The origin of this
reservoir is probably related to early mantle differentiation®®,
and its present shape and volume have probably been influenced
by mantle convection.

Ocean island basalts (OIB) have specific isotopic signatures in
rare gases (large scattering in *He/?He ratio, large “*Ar/**Ar ratio)
and trace elements (high "*Nd/"**Nd) indicating that they originate
from several reservoirs, one of which is undegassed”?'*. In OIB,
*He/’He ranges from 15,000 to 200,000, with large (>100,000)
and low (<30,000) values being attributed to recycled crust and to
a primitive reservoir, respectively®'®!2, Thus, primitive reservoirs,
if they exist, are not entirely isolated, but are partially sampled
by OIB. The lowest value of *He/’He observed in OIB, around
15,000 (ref. 13), imposes a constraint on the entrainment of
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Figure 1| Isosurfaces of composition (left column) and residual
temperature (right column) for two numerical experiments.

a-d, B.=0.22, and I'¢o = —2.5MPaK~". e-h, B. = 0.16, and

Ts60 = —2.5 MPa K. Residual temperature is defined as T-T, where Tp,
is the average temperature. Snapshots are taken at time t = 6.3 Gyr. The
isosurface value for the composition is C= 0.5 for both cases. The
isosurface value of the temperature residue is (T-T,) = 0.085 for the top
case and (T-Ty,) = 0.070 for the bottom case.

primitive material by plumes (Supplementary Information). For
reasonable values (around 12,500) of “He/’He in the primitive
material ([*He/*He]py ), the mass fraction of primitive material in
plumes should not exceed 10% (ref. 15; Supplementary Fig. S2).
Within the uncertainties in [*He/*He]py this fraction may be larger,
but shall never exceed 30%.

It has long been assumed that the primitive reservoir was the
whole lower mantle’'?, but the imaging of slabs penetrating in the
deep mantle' invalidated this hypothesis. This contradiction can
be solved by assuming that the primitive reservoir is not the entire
lower mantle, but consists of pools of chemically distinct material
located in the lowermost mantle similar to those observed by seis-
mology. Experimental and numerical models of thermo-chemical
convection that include an initial basal layer of dense material
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Figure 2 | Power spectra (spherical harmonic degrees L =2, 4 and 6) of average chemical (left column) and thermal (right column) density anomalies in
the lowermost layer (2,000 < d < 2,891km) for four models. B. = 0.22 corresponds to stable pools and B. = 0.16 corresponds to eroding piles. Fourier
spectra of 3D-Cartesian thermo-chemical distributions are converted to spherical harmonic spectra (Supplementary Information). Resulting spectra are
plotted as a function of time, and compared with those from probabilistic tomography (colour bands, covering two standard deviations around the

average value)®.

showed that domes or pools with various topographies can be
maintained at the bottom of the system for long periods of time'”~%.
Two key parameters control the evolution of primitive reservoirs:
the chemical density contrast between primitive and regular
materials, and the thermal viscosity contrast. Maintaining primitive
reservoirs in the deep mantle requires a moderate chemical density
contrast (typically, around 80-100 kg m~?), which avoids chemical
stratification'’*%, and a strong thermal viscosity contrast, which
avoids rapid mixing*. Furthermore, the presence of an endother-
mic phase transition at 660-km depth prevents the primitive
material from massively flowing to the upper mantle'®*2¢, thus
influencing the entrainment of primitive material. In models
combining these ingredients, pools of primitive material can be
maintained during periods comparable to the age of the Earth.
Interestingly, small plumes are generated at the top of these struc-
tures and reach the surface. Small amounts of primitive material
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are entrained by plumes and are periodically injected into the
upper mantle up to the surface, but this entrainment has not been
quantitatively tested against the isotopic signature of OIB. Here, we
use numerical models of thermo-chemical convection to quantify
the entrainment of primitive material by plumes, and we show that
this entrainment is consistent with OIB geochemical constraints.
We first performed a series of numerical experiments of thermo-
chemical convection in 3D-Cartesian geometry (Supplementary
Information), in which we varied the chemical buoyancy ratio (B,
measuring the chemical density contrast between primitive and
regular material) between 0.14 and 0.26 (that is, density contrasts
between 60 and 110kgm™), and the Clapeyron slope of the
660km phase transition (Ig) between —3.0 and 0.0 MPaK™'.
These are conservative ranges for the Earth’s mantle. As in previous
models**?, we observe the formation of reservoirs of primitive
material at the bottom of the system, and the generation of
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Figure 3 | Average altitude of primitive material (hc) as a function of time
for four cases. For convenience, the y-axis unit is scaled by the total
thickness of the system D. The grey shaded band indicates the time range
over which we averaged out the entrainment.

plumes at the top of these reservoirs. The shape and stability
of the reservoirs vary strongly with B. (Fig. 1) and, to a lesser
extent, [ss. Time evolutions of the power spectra of chemical
density anomaly distributions (Fig. 2) and of the average altitude
of primitive material ((hc), Fig. 3), provide quantitative estimates
of the erosion rate of reservoirs (Supplementary Information).
If primitive and regular materials are well mixed, (hc) will be
close to half the total thickness of the system (that is, D/2). In
the case of chemical stratification, by contrast, (hc) will remain
constant at around half the initial thickness of the primitive
layer (that is, dyim/2, with dpim = 0.1D in all our calculations).
For B. > 0.22, large pools of primitive material with moderate
topography (about 600-800km) are generated at the bottom of
the system whatever the value of I'ss. These structures induce
strong lateral anomalies in composition and temperature at the
bottom of the system, as indicated by spectral heterogeneity
maps and RMS profiles (Supplementary Figs S4 and S5, plots
a,b), with power spectra consistent with those of probabilistic
tomography* (Fig. 2). Pools are slightly eroded (plumes entrain
some material upwards), but the value of (hc) by the end of the
run is nearly constant around 0.15D (Fig. 3), indicating that the
erosion rate is small. Pools are thus maintained over periods of
time longer than the age of the Earth. By contrast, for B. < 0.16,
medium size piles with larger topography (around 1,200km)
are generated, inducing moderate thermo-chemical anomalies at
the bottom of the system (Supplementary Figs S4 and S5, plots
g,h). More importantly, the erosion rate of these piles is much
larger than that of the pools. In the long term, the compositional
density anomalies do not explain probabilistic tomography (Fig. 2),
and (hc) is close to 0.5D (Fig.3), indicating that primitive
and regular materials are well mixed. For intermediate values
of B., we again observe the formation of pools with moderate
topography, but whether these pools are maintained for a long
period of time or are eroded depends on the value of I'ss (Figs 2
and 3). The endothermic phase transition at 660 km induces
negative buoyancy that adds to the chemical buoyancy, thus
opposing the penetration of primitive material above the phase
transition. As an example, for B, = 0.2 the transition from a
stable to an eroding pool occurs for a value of I between
—1.5and —1.0 MPaK™".

Plumes rising from the top of the pools entrain a small amount
of primitive material upwards. The resolution of our models
allows this entrainment to be measured with sufficient accuracy
(Supplementary Information). The amount of entrained material
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Figure 4 | Entrainment of primitive material, defined as the fraction xpy of
primitive material in plumes. Results are presented as a function of B¢
(horizontal axis) and of I'geo (colour code). The circles and error bars
represent the time-averaged and standard deviation in xpy over a period of
time covering the last third of the run (equivalent to 3.0 Gyr).

strongly depends on the dynamics of the system. We estimated
the extent of plumes by defining threshold values for the plume
temperature”’ (Supplementary Information) and calculated the
mass fraction xpy of primitive material in these plumes (with
respect to the total plumes mass) above the phase transition
(Supplementary Information). Our experiments indicate that both
B. and, to a lesser extent, It have an influence on xpy (Fig. 4). For
B. > 0.22, the entrainment of primitive material is small (xpy < 7%
within error bars) whatever the value of I'sso we considered (except
for I'sgo = 0). For B. <0.16, by contrast, we observed significant
entrainment (xpy > 11% within error bars) for all the values of
T's60 we considered. For intermediate values of B, the endothermic
phase transition, which increases the negative buoyancy of the
primitive material, plays a role in controlling the entrainment of
this material. If I is sufficiently negative, the upwards flow of
primitive material across the phase transition is reduced, and xpy
remains below 10% (Fig.4). Overall, our calculations are thus
distributed in two groups, one corresponding to stable pools with
values of xpy; smaller than 10%, and the other to eroding piles
and pools with values of xpy; larger than 10%. Because they fit
probabilistic tomography better in the long term, stable pools seem
more likely thermo-chemical structures for the bottom mantle than
eroding piles. These models also correspond to the most likely
values of B, (between 0.20 and 0.22) and I (between —3.0 and
—2.0 MPaK™!). For these models, the fraction of primitive material
in plumes is always lower than 9% (Fig. 4). When accounting for the
less likely eroding piles models, the fraction of primitive material
in plumes remains lower than 21%, still an acceptable value if
[“He/>Helpy is high (around 13,500; Supplementary Fig. S2).
Further experiments (Supplementary Information) indicate that
entrainment is sensitive to the thermal viscosity contrast. Because
the contrast we imposed in our experiments corresponds to a con-
servative value of the activation energy (which controls the ampli-
tude of thermal viscosity variations), the entrainments we estimated
may be taken as upper bounds of the entrainment in plumes. Vari-
ations of the thermal expansion o with pressure and temperature
also influence the dynamics of primitive reservoirs. The decrease
of o with pressure is accounted for in our models, and favours the
stability of primitive reservoirs, even if the buoyancy ratio is defined
relative to the surface «. By contrast, thermal variations of «,
which are not included in our models, may decrease the stability of
primitive reservoirs. This effect can however be balanced by slightly
increasing the buoyancy ratio (see Supplementary Information).
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As they predict entrainments that are quantitatively consistent
with OIB data, our numerical experiments support the hypothesis
that OIB partially sample a dynamically stable reservoir of primitive
material buried in the deep mantle. This reservoir is not the
lower mantle itself, but rather consists of discontinuous pools with
topography of several hundreds of kilometres. Plumes are generated
at the top of these pools and entrain small amounts of primitive
material that do not exceed the value predicted by the lowest values
of the “He/>He observed in OIB. These conclusions are not affected
by the exact nature and origin of the primitive pools, which are
still a matter of debate. A possibility is that primitive reservoirs
are enriched in iron and silicate by a few per cent, as suggested by
probabilistic tomography*, geochemical data®®, and recent enstatite
chondrite models of Earth composition®®. Because it may reach
the bottom of the mantle, interact with the primitive pools, and
be partly entrained by rising plumes, recycled MORB should also
be accounted for in future models and calculations. Incorporating,
simultaneously, primordial and recycled sources of chemical
heterogeneities will refine the interpretation of key geochemical and
geophysical observables, including the high (>100,000) *He/*He
in OIB, and the lack of correlation between shear-wave velocity
and density anomalies.
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