
Evolution of the basal magma ocean (BMO)
through Earth history

Does the present state of the Earth tell us anything on its
formation?

The MOB (as suggested by Ben Phillips for a new acronym):
S. Labrosse1, N. Coltice1 and J. Hernlund2

M. Ulvrova1, N. Machicoane1
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Introduction

Our views on the lowermost mantle have largely changed over the last
∼12 years:

I Discovery of the ULVZ (Garnero & Helmberger ∼1996).
I Recognition of dense thermo-chemical piles (∼1999).
I Discovery of the post-perovskite (Murakami, et al. 2004).

What are the implications for the evolution of the deep Earth?

Courtesy of S. Rost (2008)
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ULVZ=melt

Global tomography and ULVZ

I Large VS anomalies in the lower mantle→ thermal and chemical
heterogeneity.

I ULVZs at the edges of dense thermo-chemical piles.
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ULVZ=melt

Physical properties of the ULVZ
Evidences for dense partial melt

(Rost et al, 2005)

(Rost et al, 2005)

Best fit

ULVZ thickness (km)

Inversion
parameters:

I α = δVP

I β = δVS

I D = ULVZ
thickness

I ρ = ULVZ
density
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ULVZ=melt

The double crossing model
Hernlund et al (2005), Nature.

I Double seismic discontinuities explained if
I the core temperature is high enough,
I the temperature gradient is larger than the

Clapeyron slope.
I Important geophysical implications

I Direct measure of the thermal structure of
the lower mantle.

I Estimate of heat flux from the core 7–15 TW.

⇒ Core cooling over the age of the Earth:

∆T ∼ QCMB∆t
MCp

∼ 1000K .
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ULVZ=melt

Ideas on melt processes
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I For chemically complex systems, the
composition of liquid and solid are
different.

I In particular: Fe partitions
preferentially in the liquid silicate
rather than solid.

I Density change on melting:
∆ρ = ∆ρφ + ∆ρχ.

I ∆ρφ decreases with pressure
I ∆ρχ < 0
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ULVZ=melt

Density cross-over in the lower mantle

Ohtani (1983) :

(Ohtani, 1983)

I Densities extrapolated
from upper mantle
values.

I Melt enrichment in FeO
⇒ denser than solid.
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ULVZ=melt

Shock experiments: Density

(Mosenfelder et al, 2009)

MgSiO3 Mg2SiO4

I At high pressure, the volume change upon melting is small
(MgSiO3) or even negative (Mg2SiO4).

I Partitioning of Fe in the melt⇒ Liquid denser than solid with a
realistic composition.
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ULVZ=melt

Shock experiments: Grüneisen parameter

(Mosenfelder et al, 2009)

MgSiO3 Mg2SiO4

I High Grüneisen parameter γ ⇒ Crystallisation of the magma
ocean from the centre of the mantle.

∂Tad

∂P
=

γTad

KS
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ULVZ=melt

Arguments for a hot start in Earth history

I Gravitational energy from Earth formation
I Large impacts
I Core segregation

⇒ Enough energy to raise the average temperature by a few 1000
K. A large amount of melting!

I Runaway process: Iron
melting→ segregation→
more melting (Ricard et al, in
press, see movie of
temperature).

I Partitioning of energy between
the core and the mantle still
uncertain.
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ULVZ=melt

Melting the mantle from below

q = Ck
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If the core starts superheated (T > mantle
solidus)

I heat transported by convection in the
melt layer.

I melting front moves upward until all
the initial superheat is consumed by
heating and melting the lower mantle.

1000 K superheat→∼ 700 km mantle
melting.
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ULVZ=melt

Importance of melting in the lowermost mantle

I Dense melt present now at the bottom of the mantle (ULVZ).
I The core has been cooling down as is evidenced by the

maintenance of the geodynamo.
⇒ There should have been more melt in the past.
I This is also compatible with Earth forming scenarios.
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Basal magma ocean (BMO)

Our cartoon view (Labrosse, Hernlund and Coltice, Nature 2007)

B Crystallisation of the magma ocean starting at mid-depth.

A=MgSiO3
 or MgO

B=FeSiO3
 or FeO

C Crystals formed at the base of the mantle
entrained by convection in the solid mantle.

D Crystals too dense to be entrained and FeO
rich magma lakes under chemical piles.
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Basal magma ocean (BMO)

Time necessary for the crystallisation of the basal
magma ocean

A=MgSiO3
 or MgO

B=FeSiO3
 or FeO

τ =
MC∆T

Q
∼ 6Gyr

M = 2 1024kg, C ∼ 1000JK−1kg−1

∆T ∼ 1000K, Q ∼ 10TW.

Time scale controlled by
I the heat flux taken up by convection in the solid mantle,
I the variation of the liquidus with chemical composition,
I the heat capacity of the core.
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Basal magma ocean (BMO)

Conservation equations

Energy:

4πa2k
TL − TM

δ
=

(
MmCpm + MCCpC

) dTL

dt

+ H(t)− 4πa2ρ∆STL
da
dt

Mass fraction (ξL) of FeO:

da
dt

=
a3 − b3

3a2∆ξ

dξL

dTL

dTL

dt

Approximate analytic solution:

a− b = (a0 − b)e−t/τc

TL = TL0 −∆ξ(TA − TB) t
τc

}
τc =

MCCpc(TA − TB)∆ξ

Q − H
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Basal magma ocean (BMO)

Long term evolution

Numerical solution of conservation equations:
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Dynamo implications

Earth budget in Uranium

Box [U] Q (U+Th+K)
BSE (if CI) 20 ppb 20 TW
Continents (Rudnick & Gao, 2003) 1.3 ppm 7 TW
MORB source 8.3–11 ppb 7–9 TW

between 20 and 30% of the budget must be stored at depth!
I Classical solution: the whole lower mantle or thermochemical

piles.
I Our solution: the melt at the base of the mantle.
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Dynamo implications

Long term evolution: the preferred model
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Important implication: delayed onset of the dynamo!
Tarduno et al (2006) : the earliest well established record is 3.2 Ga old.
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Terrestrial nitrogen and noble gases in
lunar soils
M. Ozima1, K. Seki2, N. Terada2†, Y. N. Miura3, F. A. Podosek4 & H. Shinagawa2†

The nitrogen in lunar soils is correlated to the surface and therefore clearly implanted from outside. The straightforward
interpretation is that the nitrogen is implanted by the solar wind, but this explanation has difficulties accounting for both
the abundance of nitrogen and a variation of the order of 30 per cent in the 15N/14N ratio. Here we propose that most of
the nitrogen and some of the other volatile elements in lunar soils may actually have come from the Earth’s atmosphere
rather than the solar wind. We infer that this hypothesis is quantitatively reasonable if the escape of atmospheric gases,
and implantation into lunar soil grains, occurred at a time when the Earth had essentially no geomagnetic field. Thus,
evidence preserved in lunar soils might be useful in constraining when the geomagnetic field first appeared. This
hypothesis could be tested by examination of lunar farside soils, which should lack the terrestrial component.

Since the Apollo missions, it has been recognized that the Moon is
very strongly depleted in volatile elements, including N, H, C and the
noble gases1,2. The inventory of these elements in lunar materials is
not intrinsically lunar but rather reflects an extralunar origin. The
extralunar source is generally understood to be the Sun, via direct
implantation of solar wind (SW) ions in the surface of the Moon.
This interpretation suffices well for the other volatile elements, but
encounters difficulty with N—that is, there is too much N compared
to the canonical solar abundance (of, for example, Ar), and the
isotopic composition (15N/14N) of surface-correlated and presum-
ably extralunar N is strongly variable, by as much as 30%. The
overabundance of N has been attributed to underabundance of noble
gases such as Ar (refs 1, 2), and the isotopic variation to the variation
of N composition in the source region of the SW.
However, quantitative evaluations3 preclude any suggested mech-

anism by which the isotopic composition of N could vary so much in
either the photosphere or the SW. This has led in turn to hypotheses
inwhich some ormost surface-correlated lunar N is extrasolar as well
as extralunar: that is, it reflects a source other than the SW. Potential
sources that have been suggested include interstellar gas, intrinsic
lunar N degassed from the interior, the terrestrial atmosphere and
infall of cometary or asteroidal debris. The extrasolar interpretation
has been strengthened by recent experimental results4,5. Overall, no
specific model has gained a clear ascendancy.
Here we propose that sources of the extrasolar N and light noble

gases in lunar soils can be attributed to ion flows from the atmos-
phere of a non-magnetic Earth. Mechanisms responsible for the
atmospheric escape from a planet depend on its magnetic field6,7. An
atmospheric source of extrasolar N in lunar soils was suggested in a
framework of ion implantation in Earth’s magnetotail3,8. However,
recent observations of the Oþ escape flux7 and the Nþ /Oþ ratio9

indicate that the Nþ flux at the Moon is less than 103 cm22 s21,
which is insufficient to account for the extrasolar N flux in lunar soils.
However, if the geomagnetic field (GMF) were absent, the SW would
directly interact with the upper atmosphere, causing a much larger
ion escape flux.
The origin of the GMF is still not well understood; in particular,

the fundamental issue of when it first appeared remains enigmatic.
The oldest palaeomagnetic information available is based on
palaeointensity measurements on the Komati formation (age
3.5 Gyr)10, which showed a much smaller virtual geomagnetic dipole
moment than the present value. (But also note that this conclusion is
not unchallenged11.)
If the origin of the GMF were concomitant with the formation of a

liquid core, the age of the appearance of the GMF would probably be
essentially the same as that of the Earth, earlier than the formation of
any significant fraction of the present regolith. For such an early
appearance of the GMF, we could thus not expect preservation of any
record in lunar soils. On the other hand, if the appearance of the
GMF were significantly delayed, it is possible that there was a
significant window when the Earth had no GMF and the Moon
had a stable regolith surface that could preserve implanted ions to the
present day. In that case, the onset of the geomagnetic dynamomight
be recorded in lunar soils.

Ion escape from a non-magnetic Earth
In the presence of the GMF, the SWapproaching the Earth is stopped
at the magnetopause (at a distance of,10 Earth radii, 10RE), where
the GMFmagnetic pressure balances the SWdynamic pressure. If the
GMF did not exist or were much weaker, the SW would approach
much closer to the Earth, until its dynamic pressure was balanced by
ion pressure at the ionopause, about 500 km above the surface. The
SW must thus have interacted directly with the ionized (by solar
radiation) upper atmosphere. Atmospheric ions around the iono-
pause could then have been picked up by the incoming SW and
carried away from the Earth6. This SW-induced ion escape mecha-
nism from a non-magnetic planet has been observed for Venus12,
which has no permanent magnetic dipole. Thus, if the GMF were
absent or extremely weak, we would expect substantial ion escape
from the Earth’s ionosphere. Some fraction of the escaping ions
would have hit the Moon.
Pioneer Venus Orbiter (PVO) observed an escape flux of

,5 £ 107 Oþ ions cm2 2 s2 1 from the venusian atmosphere12,
and Nþ /Oþ<0.02 at the ionopause13. The escape of low-energy
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case) and 300 km (see Fig. 4 legend). Among the three mixing
parameters, the choice of 3He/4He for the ancient atmosphere
deserves special attention, since there are two prominent He
components in the early Solar System, namely pre-D-burning He
(3He/4He ¼ 1.4 £ 102 4) and post-D-burning He (3He=4He¼
4:5£ 1024). The former is observed in Jupiter’s atmosphere22 and
also in the so-called Q component23 in primitive meteorites. The
latter represents He in the present SW (it differs from the primordial
value because of creation of 3He by nuclear ‘burning’ of D in the pre-
main-sequence proto-Sun) and is also observed in somemeteorites24.
From a visual inspection of the mixing diagrams, we note that if the
distribution were due to the mixing of the SW and the Earth
components, the pre-D-burning He can fairly well be assigned as
the Earth end member.
In constructing a mixing curve between SW and terrestrial com-

ponents for He–Ar, we therefore tentatively used the solar isotopic
ratios for SW (3He/4He ¼ 4.5 £ 1024 and 40Ar/36Ar ¼ 1024) and
the pre-D-burning He isotopic ratio for the primitive Earth. How-
ever, the choice of appropriate 40Ar/36Ar for the ancient Earth
atmosphere is difficult because of the extremely rapid evolution in
this ratio in the terrestrial atmosphere owing to the addition of
radiogenic 40Ar (ref. 25). (For example, the present atmospheric
40Ar/36Ar (295.5) is more than six orders of magnitude larger than
the primordial cosmic ratio (1024)). We examined mixing curves for
two cases, that is, (40Ar/36Ar)E ¼ 50 and 150; here subscript E
indicates Earth.
Both He–Ne and He–Ar mixing curves (Fig. 4a, b) appear to show

that the pre-D-burning He may be assigned to the end member
corresponding to the Earth. A straightforward implication would
then be that the Earth inherited the pre-D-burning He when it
formed. However, this interpretation requires that the contribution
of radiogenic 4He had not been important in the first 0.5 Gyr or so of
the period in which ilmenite grains were likely to be implanted by the
EW (see below for the estimation of the SW exposure age). If
U(Th)/3He were large in the Earth, the primordial post-D-burning
He might have evolved to the isotopic ratio assumed for the Earth in
the mixing diagrams. From the mixing diagrams alone, we cannot
rule out either possibility, that is, pre-D-burning or the post-D-
burning He as possible primordial He in the Earth.

Implanted EW components
Table 1 shows non-solar N and light noble gas fluxes estimated in
lunar soils (details of estimation procedures are also given). From a
comparison with curves for various ions (Fig. 1) for an ionopause
altitude of 250 km, which is reasonable to assume for the primitive
abiogenic atmosphere, we infer that EW can account for non-solar N
and Ar (assuming 40Ar/36Ar ¼ 150) and barely for Ne (about 10%).
If the SWflux in ancient times wasmore intense, which is likely, most
of the Ne may also be accounted for by EW.
The SW sweeps ions away above the ionopause regardless of their

mass, and would not cause isotopic fractionation of its constituents.
The pick-up EW ions are quickly accelerated to the speed of the SW,
and some are then implanted in lunar soils with the same velocity as
that of the SW. Therefore, it would be difficult to discriminate
between implanted EW components from SW components on the
basis of the depth profile of implantation in lunar soils. Although
ions would not undergo isotopic fractionation once picked up by the
SW, isotopic compositions of pick-up ions may reflect fractionation
that took place below the ionopause.

Lunar soil, a tracer of GMF evolution?
In order to use lunar soil as a tracer of ancient GMF variation, we
must know the time when terrestrial atmospheric components were
implanted in lunar soils. If we find that the majority of lunar soils
older than a certain age were systematically endowed with a dis-
proportionately large fraction of plausible terrestrial components, we
may conclude that GMF did not exist before this age.

Several authors have suggested that the 40Ar/36Ar ratio may be
used as an antiquity parameter for the surface exposure of lunar
soil26. However, Ozima et al.27 questioned the validity of this method,
since the assumed process (degassing from lunar interior and re-
implanting in soil) requires an unrealistically large Ar degassing rate
from the lunar interior. Relevant information regarding surface
exposure age of lunar soils may be obtained by the use of cosmic
ray and surface neutron irradiation effects, but this only tells the time
during which samples were within a fewmetres of the surface, not the
exposure time of ilmenite grains directly exposed to the SW. Several
samples fromApollo 14 and fromApollo 17 have been studied for the
relevant cosmic ray and surface neutron irradiation data26,28.
Although it is difficult to relate the irradiation age of lunar soil to
the surface implantation age of an individual ilmenite grain in the
soil, the conclusion by Bernatowicz et al.28 may be worth noting: they
stated “the extreme case that the irradiation age coincided with the
formation age (ofminerals in soils) wasmost easily in accordwith the
data at hand”. Hence, it may be possible that the substantial fractions
of ilmenite grains used in this study had a surface implantation age
close to 3.8–3.9Gyr ago, which is generally assigned to the formation
age29,30 of major impact basins from where the Apollo samples were
collected. It is then tempting to speculate that the GMF was null or
very weak before about 3.9 Gyr ago.

Test of the hypothesis
Observed data so far available in the literature appear to be consistent
with our hypothesis on EW implantation in lunar soils. We suggest
that a further test of this hypothesis could be effected by comparing N
and light noble gas data for lunar soil/breccia samples from the
nearside of the Moon with those from the farside. The Moon–Earth
dynamic system, once formed, is thought to have become very
promptly (within a few tens of Myr) spin-locked owing to tidal
interactions31. Thus, only the present nearside of the Moon has been
facing the Earth throughout most of the history of the system, and so
the farside of the Moon should be essentially free from EWmaterial.
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Dynamo implications

The delayed onset of the dynamo

Budget in incompatible elements:
I Radiogenic heating important in the basal magma ocean.
I Initial mass important rapidly decaying.
⇒ Latent and radiogenic heat important in the early BMO can

prevent efficient (super-isentropic) core cooling.

Can we avoid the delayed onset by
increasing the early CMB heat
flow?

No! An initially higher temperature
gives a more important latent heat.
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Convection in the BMO

Thermal convection and crystallisation
PhD work of Martina Ulvrova

I Convection in the melt
I Diffusion in the solid
I Interface motion following

Stefan’s condition

q = Ck
∆T
h

(
αρg∆Th3

κµ

)1/3

I Small convection⇒ buffering
the thermal coupling between
the core and the mantle?
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Convection in the BMO

Composiotional convection
Internship of Nathanael Machicoane

H2O NH4Cl=
solid 
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I Freezing from below a dense
solid.

I Releasing a lighter fluid.
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Convection in the BMO

Composiotional convection
Internship of Nathanael Machicoane
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Summary

Conclusions: Basal magma ocean and dynamo

Arguments in favor of the basal magma ocean:
I ULVZs⇒ Presence of dense silicate melts.
I Evolution of the core: ∼ 1000 K cooling in 4.5 Ga⇒

Melt more important in the past.
I Conditions of Earth formation.

Early evolution of the BMO
I Large radiogenic and latent heat⇒ Delayed onset

of the dynamo.
I Possible re-equilibration between the core and the

mantle via the magma ocean at CMB pressure!
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Summary

The end!
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Conditions for a convective dynamo

Minimum necessary conditions for the geodynamo:

either an inner core crystallising fast enough.
⇒ Compositional convection driven by the release of light

elements upon inner core growth.
or a heat flow larger than that conducted along core’s

isentrope.
⇒ Thermal convection.

In addition:
I Thermal convection is necessary early in the history to

reach the freezing point at the center.

QCMB

QCMB

⇒The present heat flow can be lower than the isentropic one (Qi ),
provided it was larger before the inner core started to crystallise.
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Minimum necessary conditions for the geodynamo:

either an inner core crystallising fast enough.
⇒ Compositional convection driven by the release of light

elements upon inner core growth.
or a heat flow larger than that conducted along core’s

isentrope.
⇒ Thermal convection.

In addition:
I Thermal convection is necessary early in the history to

reach the freezing point at the center.

QCMB

QCMB

⇒The present heat flow can be lower than the isentropic one (Qi ),
provided it was larger before the inner core started to crystallise.

Labrosse, Coltice, Hernlund (Lyon) Evolution of the basal magma ocean Braunwald 2009 26 / 28



The cheapest dynamo

Take

Q(age) = Q0 + B × age

with
I Q0 < Qi

I Q(IC age) = Qi .
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Note that the inner core is about 2.2 Gyr old!
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Phase transitions and the thermal structure of D”
Hernlund et al (2005), Nature.

Core temperature uniform:
I Cool core: ubiquitous single

discontinuity.
I Hot core: discontinuity is either

absent (warm mantle) or double
(cold mantle).
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