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a b s t r a c t

Barodiffusion is the tendency of light elements to migrate down a pressure gradient. In the Earth’s outer
core, this effect can lead to the development of a chemically stable layer beneath the core–mantle bound-
ary (CMB). Barodiffusion has so far been considered unimportant relative to other effects, but here we
show that it dominates at the CMB and leads to an order-100 km-thick layer that is rich in light elements
and stably stratified. Barodiffusion changes not only the equations governing molecular diffusion of light
elements in the core but also the boundary condition at the CMB to a non-zero compositional gradient, a
point missed by previous studies. The mathematical problem has the same form as the recently-proposed
migration of light elements passing from the mantle into the core; the effect of barodiffusion is compa-
rable provided all light elements in the outer core are included, not just the light element driving the con-
vection as in previous studies. We therefore conclude that a substantial stable layer can exist at the top of
the core independent of any mass flux across the CMB. We solve the relevant diffusion equations in a thin
layer beneath the CMB for barodiffusion of oxygen, sulphur and silicon over the whole history of the core
using diffusion constants obtained from first principles calculations. The lower boundary of the layer is
defined to be the neutrally stable level where the stabilising barodiffusive gradient is equal and opposite
to the destabilising gradients associated with buoyancy sources in the well-mixed bulk of the core. We
assume no mass flux across the CMB, and find the compositional gradient imposed by barodiffusion to
be so large that its stable density gradient could not be overcome by any destabilising gradient at any
time. The light layer therefore develops at the top of the core immediately after core formation; solving
the diffusion equations shows it to grow to a thickness of order 100 km. The final thickness is remarkably
insensitive to the model of core cooling used to specify the destabilising gradients in the well-mixed
region of the core. We consider a variety of instability mechanisms and argue that the stratification is
strong enough to inhibit virtually all radial motion within the layer, although conclusive evidence for
the existence of stratification can only come from observations. The variation in composition is suffi-
ciently strong to produce geomagnetic effects and seismic velocity anomalies of a fraction of a percent
that could be, and may already have been, detected. Differences in the diffusion parameters for the three
light elements cause differences in their relative concentrations in the layer, leaving the layer oxygen-rich
relative to sulphur or silicon.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Barodiffusion is usually negligible in the laboratory but may be
significant in the Earth’s core, as originally suggested by Braginsky
(1963). Any diffusion of light elements towards the core–mantle
boundary (CMB) detracts from the buoyancy force driving chemi-
cal convection in the core in the same way that heat conducted
down the adiabatic gradient detracts from the buoyancy force driv-

ing thermal convection. Barodiffusion is, however, a weaker effect
than adiabatic conduction because chemical diffusivity is generally
smaller than thermal diffusivity. Estimates of the entropy gain by
barodiffusion show it to be about an order of magnitude smaller
than the entropy gain from thermal conduction (Gubbins et al.,
1979, 2004) and it is usually neglected from estimates of the power
available to drive the geodynamo (e.g., Loper, 1978; Labrosse et al.,
1997).

Another effect of barodiffusion is to accumulate light elements
at the top of the core over time, which would create a chemically
stratified layer there. Fearn and Loper (1981) concluded that such
a layer would be limited in thickness to a few tens of kilometres, if
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indeed it existed at all and was not destroyed by the convective
processes. Braginsky (1993, 1999) has developed a theory for the
dynamics of a ‘‘hidden ocean of the core’’ that could form from
such a barodiffusive layer. Lister and Buffett (1998) considered
the disruption of a stratified layer by thermochemical convection
and concluded that such a layer would survive, although they did
not include the effects of barodiffusion. The possibility of a chem-
ically stratified layer at the top of the core has been the subject of
recent interest following the suggestion of Asahara et al. (2007)
and Frost et al. (2010) that oxygen may be dissolving slowly into
the core from the mantle over time. This would also lead to a
stratified upper layer in the outer core, which has been studied
by Buffett and Seagle (2010). Their study includes barodiffusion,
but they only include the light element expelled from the inner
core, the one driving core convection, and omit the remaining light
elements, thereby underestimating the effect.

The main bulk of the core convects in response to an underlying
destabilising density gradient caused by cooling, freezing, and re-
lease of light elements at the inner core boundary (ICB). We as-
sume the stratification caused by barodiffusion is strong enough
to resist significant penetration by the underlying convection and
that double-diffusive effects are restricted to negligibly thin inter-
faces; the stratified layer grows by diffusion, relatively unhindered
by the weaker underlying destabilising gradients. These assump-
tions are assessed subsequently in terms of the calculated destabil-
ising and stabilising density gradients.

Diffusive flux of a light component of a two-component
liquid mixture is usually assumed to depend linearly on the
gradients of the three state variables: pressure P, temperature
T, and light element concentration c. Temperature effects are
negligible in the Earth’s core but the hydrostatic pressure gradi-
ent modifies Fick’s law of mass diffusion [Eq. (2) below]. If we
adopt an upper boundary condition of zero mass flux at the
CMB, the appropriate boundary condition on the concentration
gradient there is a non-zero gradient fixed by the barodiffusion
term. The diffusion problem to be solved is therefore mathe-
matically identical to one where light elements diffuse in from
above at a fixed rate, the same situation proposed by Asahara
et al. (2007) (if movement of oxygen within the mantle is unre-
stricted the boundary condition is constant c instead of constant
gradient, but this makes little qualitative difference). The mag-
nitude of the concentration gradient applied to the boundary
is given by the known hydrostatic pressure gradient times the
barodiffusion constant, which has been estimated from first
principles calculations (Alfè et al., 2002a,b) for two-component
mixtures of O, S, and Si in Fe under core conditions [see also
Gubbins et al., 2004].

The paper is organised as follows. In Section 2 we solve the
time-dependent diffusion equation that governs the growth of a
stable layer. We compute the stabilising barodiffusive gradient
using estimates of the diffusion constants for each of the three ele-
ments and combine them into a single layer, assuming the multi-
component mixture acts as three independent two-component
mixtures. In Section 3 we calculate the stable layer thicknesses
due to barodiffusion. In Section 4 we assess the dynamical stability
of the barodiffusive layers. Discussion and conclusions are pre-
sented in Section 5 and Section 6.

2. Time-dependent evolution of the stratified layer caused by
barodiffusion

The diffusion equation is

q
@c
@t
þr � i ¼ 0: ð1Þ

The mass flux, i, in the presence of a pressure gradient is

i ¼ �qDrc þ acaDg0r; ð2Þ

where q is the density, D is the molecular diffusivity, c is the mass
concentration, ac ¼ �q�1ð@q=@cÞP;T is the compositional expansion
coefficient, g0 is acceleration due to gravity at the CMB, and r is
radius. The barodiffusion constant, aD, is defined in terms of the
gradient of the chemical potential l (Landau and Lifshitz, 1959)

aD ¼
qD

@l=@cð ÞP;T
; ð3Þ

@l=@cð ÞP;T ¼
kBT
�c
þ k eV=atom; ð4Þ

where kB is Boltzmann’s constant, �c is the molar concentration, and
k is a correction to the first term, the ideal solution theory approx-
imation (Gubbins et al., 2004). T ¼ ðT i þ ToÞ=2 is the average outer
core temperature, where T i is the ICB temperature and To the
CMB temperature.

The barodiffusion profile is obtained by solving Eq. (1) for cðr; tÞ
with initial condition cðr;0Þ ¼ c0, a constant, and zero mass flux at
the outer boundary r ¼ ro,

@c
@r

����
r¼ro

¼ acaDg0ro

qD
¼ b; ð5Þ

which results from (2) with i ¼ 0. A second boundary condition is
needed to determine the average concentration. This could be ob-
tained by matching the concentration at the base of the layer to
the value in the well-mixed core below, but that would require an
unnecessarily complicated calculation. Instead we assume the layer
remains thin throughout Earth’s history, an approximation that is
fully justified later by the results. The skin depth is

ffiffiffiffiffiffi
Dt
p

for age t,
or about 38 km in 4.5 Ga. This allows us to neglect spherical
geometry and solve the problem in Cartesian geometry. The spher-
ical diffusion equation for cðr; tÞ becomes a one-dimensional Carte-
sian diffusion equation for cðx; tÞ with x ¼ ro � r P 0 and flux
boundary condition (5) applied at x ¼ 0. A second, related, approx-
imation is that the concentration at the base of the layer remains
close to the well-mixed value c0 for all elements and all time. The
results confirm this: concentrations fall to within 0.1% of the
well-mixed value for all calculations. This allows us to ignore any
implied changes in the well-mixed concentration and to apply the
bottom boundary condition at x ¼ 1. The problem reduces to
solving

@c
@t
� D

@2c
@x2 ¼ 0; x P 0

cðx;0Þ ¼ cð1; tÞ ¼ c0;

@c
@x

����
x¼0
¼ �b: ð6Þ

The solution is standard (Carslaw and Jaeger, 1959) and is given by

cðx; tÞ ¼ b

ffiffiffiffi
D
p

r Z t

0

1ffiffiffi
t0
p e�x2=4Dt0dt0 þ c0: ð7Þ

The concentration at the CMB, cð0; tÞ, increases with the square root
of time, reaching a value

cð0; tÞ ¼ 2acaDg0ro

q

ffiffiffiffiffiffiffi
t

pD

r
þ c0: ð8Þ

This formula, with t ¼ 4:5 Ga, was used to calculate the increase in
concentration, dc, at the CMB in Tables 1 and 2.

Simplifying (7) by putting y ¼ x=2
ffiffiffiffiffiffi
Dt
p

and h ¼
ffiffiffiffiffiffi
Dt
p

gives

cðx; tÞ ¼ bffiffiffiffi
p
p

Z 1

x=2h

x
y2 e�y2

dyþ c0: ð9Þ

Setting n ¼ x=2h and integrating by parts gives
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