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Abstract

Water is probably present everywhere in the Earth’s mantle today, with abundances ranging between scales of
percent (%) to the parts per million (ppm). Mantle total water content is estimated to be between 10% to several times
that of the present-day hydrosphere. Numerous studies have been devoted to the determination of water solubility in
mantle material [D.R. Bell, G.R. Rossmann, Science 255 (1992) 1391^1397; J. Ingrin, H. Skogby, Eur. J. Mineral. 12
(2000) 543^570]. They all show strong solubility variations from one mineral phase to another. Principally, water
partitioning has made the transition zone a probable trap for water from the Earth’s mantle [N. Bolfan-Casanova et
al., Earth Planet. Sci. Lett. 182 (2000) 209^221; D.L. Kohlstedt et al., Contrib. Mineral. Petrol. 123 (1996) 345^357].
Nevertheless, water distribution within the mantle is still debated. We have studied the role of mantle dynamics in
water distribution by modeling water transport and mantle convection in a two-dimensional (2-D) cartesian geometry.
The model takes into account water partitioning between the mantle’s transition zone and the upper mantle of 10:1
and between the lower mantle and the transition zone of 1:100 (i.e. respectively between olivine and spinel and spinel
and post-spinel). We have modeled the mantle temperature field using depth-dependent viscosity and plate-like
surface conditions. Water injection at the trench has also been simulated. Our numerical experiments suggest that
diffusivity of water has to be very high, at least two orders of magnitude higher than the one experimentally
determined [D.R. Bell, G.R. Rossmann, Science 255 (1992) 1391^1397; J. Ingrin, H. Skogby, Eur. J. Mineral. 12
(2000) 543^570] to significantly influence water distribution in Earth’s mantle. In fact, the diffusion process is not
efficient enough to balance the mixing due to mantle dynamics and to force water into the transition zone. We show
that the distribution of water should be quite homogeneous throughout the mantle if advection and diffusion are the
only processes involved in water transport in the mantle. This homogeneity implies that water below the transition
zone could be in excess according to the lower mantle rocks solubility. This addresses the question of stability of free
water in the lower mantle and its mobility by percolation process, which could be a very efficient transport process,
previously unconsidered in this field of research.
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1. Introduction

Water is probably present everywhere in the
Earth’s mantle today, albeit sometimes at the
parts per million (ppm) scale [5]. The total water
content of the inner Earth could be less than 10%
or as high as 100 times the water contained in the
hydrosphere. In this case, water will be essentially
present in the core [6] and the content of the
mantle is estimated to be close to that of the hy-
drosphere. Nevertheless, water distribution within
the mantle is not well known.

The e¡ects due to the presence of water in the
mantle are numerous. (i) The melting processes
are directly a¡ected through a decrease of rocks
solidus [7,8], a change in the resulting chemical
di¡erentiation [9] and a decrease of magma vis-
cosity and density [10]. (ii) Water content can also
alter the seismic wave velocities and anisotropy
[11], by in£uencing the seismic discontinuity for
example [12]. (iii) Mantle dynamics should be af-
fected by the variation of viscosity linked to the
water content [13]. (iv) Electrical conductivity is
also water-dependent [14]. All these e¡ects, if ob-
servable, could be used to constrain the water
distribution in the mantle. Unfortunately, at
present only the seismic information seems ex-
ploitable in terms of water distribution [15].

The problem of water in the Earth’s mantle
may be addressed in two di¡erent ways. The ¢rst
concerns the global amount in the mantle and its
evolution with time. Lecuyer and Allemand [16]
using sedimentary records, and Schubert and Rey-
mer [17] modeling continental growth suggest that
the ocean volume has not changed by more than
20% during the last billion years, so we may infer
that the global water content of the mantle did
not vary more than this amount. The second one
is related to the spatial distribution of water in the
mantle. For instance, Bonatti [18] infers that some
hotspots may be more related to wet plumes than
to hot plumes. In addition, the transition zone is
suspected to behave as a water reservoir due to
the high water solubility in minerals that compose
it. To address these issues, we have to consider
three important points.
1. Plate tectonics. It allows the internal water

cycle to be connected to its external cycle by

way of the recycling of hydrated oceanic crust
in the mantle: the input £ux of the system.
Volcanism, especially at ridge, creates the out-
put £ux, due to the high water partitioning
coe⁄cient between melt and rocks [19].

2. The mobility of water. According to the min-
erals and to the pressure and the temperature
conditions, water can be present in di¡erent
forms: as free water, as H2O form in hydrous
minerals, or as point defects in nominally
anhydrous minerals (NAMs). Below 100 km
depth, hydrous minerals are no longer stable
and NAMs are considered to be the main site
for water storage [1,20]. Infrared (IR) spectros-
copy shows that hydrogen occurs as proton
Hþ and is closely associated with an oxygen
ion O23 to make an OH dipole. Mobility of
water in NAMs is temperature-dependent but
weakly phase-dependent [2]. Conversely, solu-
bility is dependent on the mineral phase: water
partitioning between NAMs varies over a large
range [3]. Solubility of water in the mantle de-
pends on the mineralogy of the mantle. This
mineralogy is widely accepted [21], as having
three main zones: the upper mantle (UM) con-
sisting of garnet, olivine, Al-spinel and pyrox-
ene, the transition zone (TZ) composed of L-
phase, Q-phase, majorite and the lower mantle
(LM) with perovskite and magnesiowustite.
The maximum amount of water that can be
dissolved is di¡erent in these three zones. The
partition coe⁄cient of water between the upper
mantle and the transition zone, DUM=TZ, is es-
timated to be 1:10 [4]. On the other hand,
Bolfan-Casanova et al. [3] recently proposed
a partition coe⁄cient between lower mantle
and transition zone, DLM=TZ, higher than
1:100. As a consequence, it is expected that
the transition zone is able to store a high
amount of water in comparison with the other
parts of the mantle [2,3,22,23].

3. Mantle dynamics. Convection in the Earth’s
mantle results in its vigorous convection and
many numerical models have investigated the
repartition of trace elements in the mantle by
using a technique of passive tracers. However,
hydrogen is well known for its strong intra-
crystalline di¡usivity in mantle minerals (KH),
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several orders of magnitude higher than those
of other chemical elements, so that transport
by di¡usion must be considered in the model-
ing of the water cycle in the mantle. Neverthe-
less, KH remains small. It is estimated to be
around 1038 m2 s31 under the pressure and
temperature conditions of the upper mantle
[2], which is two orders of magnitude lower
than the thermal di¡usivity. The characteristic
distance for the di¡usion transport varies as
the square root of the time scale we consider.
In the case of the water, it is around 6 mm
over 1 h and 60 cm over 1 year. At ¢rst glance,
this appears much more than the rate of the
convection, but at the time scale of the mantle
dynamics, the water can di¡use only through
600 m during one million years and through
less than 20 km during one billion years. As
a consequence, we may expect that the trans-
port by advection would play a major role in
the distribution and the mixing of the water in
the mantle, and that the di¡usion acts mainly
in the vicinity of the transition zone, where the
high water solubility of the rocks may enhance
its role. The aim of the present work is to high-
light the balance between both processes.

2. The water equation

The ¢rst step is to give a conservation equation
for the water content. As we will remain in the
Boussinesq approximation, i.e. we will neglect the
compressibility of rocks, we can use the water
concentration [H], instead of the water content
b[H], b being the rock density. The terms describ-
ing the time variation and the transport by advec-
tion are classical, but the di¡usion term requires
special care. The di¡usion £ux is controlled by the
spatial variation of the chemical potential W, so
that a ¢rst general form of this equation would
be:

D

D t
½H� þ uW9 ½H� ¼ 9 W kH9

W

RT

� �
þ S ð1Þ

where u= (ux, uz) denotes the velocity vector of
the rocks containing the water, T the temperature
and R the gas constant. S is a generic term that

allows us to include source or sink of water, as for
example water injected at a subduction zone, or
water released when melting occurs. kH is a ma-
terial property that relates the di¡usion £ux to the
gradient of the chemical potential. As the chem-
ical potential depends on the water concentration:

W ¼ W
� þ RT Wln½H� ð2Þ

with W* the pure material chemical potential, the
di¡usion term can be rewritten as:

9 W kH9
W

RT

� �
¼ 9 W

kH
½H�9 ½H� þ kH9

W
�

RT

� �
: ð3Þ

It contains two parts: the ¢rst one is classical,
describing the e¡ects related to the spatial varia-
tion in water concentration, whereas the second
one re£ects the e¡ects due to variations in chem-
ical composition. In the ¢rst term, kH/[H] stands
for the water di¡usivity which we will note as KH,
use hereafter instead of kH, mainly because only
the di¡usivity is measured in laboratory experi-
ments and appears independent of the water con-
tent. Replacing the di¡usion term of Eq. 1 by the
relation in Eq. 3 leads to our equation for water
conservation law:

D

D t
½H� þ uW9 ½H� ¼

UHv½H� þ UH9 W ½H�9 W
�

RT

� �
þ S ð4Þ

when the di¡usivity is assumed to be constant.

2.1. Water di¡usivity and boundary conditions

In fact, intra-grain water di¡usivity in the
upper mantle is temperature-dependent and fol-
lows the empirical law UH =4U1034e3149000=ðRTÞ

[2]. Accordingly, it varies from 4U1039 m2 s31

to 1.6U1038 m2 s31 when the temperature ranges
from 1300‡C to 1500‡C, which would be expected
in the upper mantle below the lithosphere. For a
temperature of 500‡C, KH lies around 10314 m2

s31, so that the water £ux away from the mantle
through lithosphere can be neglected. As a conse-
quence, the di¡usivity may initially be assumed to
be constant, the very low values of the di¡usivity
in the lithosphere being modeled through the
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boundary condition, stating a zero £ux at the top
surface. Unlike for the upper mantle, the intra-
grain water di¡usivity is very poorly constrained
for the lower mantle minerals, but since it only
slightly depends on the mineral composition in
the upper mantle, we will assume that it will be
constant throughout the whole mantle. Lastly, the
water conservation equation requires a lower
boundary condition. Due to the large uncertain-
ties of the water solubility in iron, we assume a
zero £ux at the core^mantle boundary. In our
model, water cannot escape from or enter the
mantle, except via the source term S.

2.2. Water solubility

The second term of the right-hand side of Eq. 4
describes the di¡usion e¡ects due to the spatial
variation of the chemical potential of pure miner-
al, W*. At the interface between two layers (the
upper mantle, the transition zone or the lower
mantle), the transition of mineral phase brings a
variation in the chemical potential of pure miner-
als W*, inducing a partitioning of water content
between both phases [24]. At equilibrium, the
chemical potential must be identical in both layers
[25], which leads us to write that the water con-
centration ratio between both layers, [H]1/[H]2, is
equal to the partition coe⁄cient D1=2 :

½H�1 ¼ ½H�2D1=2; with D1=2 ¼ e

W
�
23W

�
1

RT ð5Þ

This is introduced in the model through the de-
scription of the pure material chemical potential :

W
�ðzÞ ¼ RT

lnðDUM=TZÞ
2

13tanh
z3zUM=TZ

c

� �� ��

þ
lnðDTZ=LMÞ

2
13tanh

z3zTZ=LM
c

� �� ��
ð6Þ

where z denotes the depth, zI=J the position of the
phase changes and c the half thickness of the
phase change. We see on Fig. 1, where W* is plot-
ted as a function of depth, that the partition co-
e⁄cient between the upper mantle and the tran-
sition zone, i.e. between olivine and spinel, is ¢xed
to 1:10 (DUM=TZ = 10) according to high-pressure

experiments [4]. Between the transition zone and
the lower mantle, i.e. between spinel and post-
spinel, the partition coe⁄cient is ¢xed to 100:1
(DTZ=LM =0.01) according to Bolfan-Casanova et
al. [3]. It is worth noting that the solubility does
not a¡ect the water di¡usivity, but only the water
concentration.

2.3. Simple 1-D analysis

Since the dependence of the water solubility on
the mineral phases is central in this problem, it is
important to revisit some basics, drawn from Eq.
4, which allow us to better understand it. If we
neglect the horizontal variations and assume the
system will reach a steady state, Eq. 4 has an
analytical solution when the pure material chem-
ical potential behave has a step function:

½H�=½H�r ¼ 1þ 13D
D

exp
uz
UH

z
� �

for z60

1 for zs0

8<
: ð7Þ

where [H]r is the value for [H] set when zC+r.

Fig. 1. Plot of the exponential value of the chemical poten-
tial of pure material as a function of depth. It can be related
to water concentration following Eq. 2. In the case of pure
di¡usion, water concentration ¢ts a speci¢c pro¢le at equilib-
rium induced by variation of solubility with mineral phases.
We chose as the partition coe⁄cient: 1:10 for the upper
mantle/transition zone interface [4] and 1:100 for the lower
mantle/transition zone interface [3].
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This solution is given for a single chemical poten-
tial step located at z=0, in an in¢nite medium,
where the vertical velocity, uz, is positive (down-
ward on Fig. 2). uz is constant throughout the
medium as to satisfy the mass conservation,
9Wu=0. Without advection transport, uz =0, the
water concentration is described by a Heaviside
function: [H] = [H]r/D above the chemical step
and [H] = [H]r below. This directly re£ects the
equilibrium of the chemical potential between
both layers stated in Eq. 5. In presence of advec-
tion, uzg0, the conservation of water prescribes
that the water concentration should tend to the
same value, [H]r, when zC+r. This analytical
solution is shown by a thick curve on Fig. 2,
where D=0.01. The step in pure material chem-
ical potential imposes that the contrast in water
concentration across the interface should be main-
tained equal to D, so that there is an accumula-
tion of water above the interface. By looking at
Eq. 4, we can see that the second term of the
right-hand side acts as a sink term just beneath
the interface, transferring the water to a source
term just above. Note that, if the velocity was

negative, the solution would be characterized by
a defect in water content below the interface, and
a constant value above. This notable e¡ect of the
step in pure material chemical potential behaves
as a barrier for the water. KH/uz has the dimen-
sion of a length and represents the characteristic
thickness of the water accumulation. It is only
30 m for uz =1 cm/yr and KH =1038 m2 s31.
The amount of water stocked above the interface
is directly proportional to this thickness:Z 0

3r

ð½H�3½H�rÞdz ¼ ½H�r
13D
D

UH

uz
: ð8Þ

It decreases as the velocity increases. The time
necessary to transport the same amount of water
across the interface is given by Eq. 8 divided by
the velocity, uz. It lies in the range of a few thou-
sand years for uz =1 cm/yr and KH =1038 m2 s31,
suggesting a water transport by advection larger
than the di¡usion transport by several orders of
magnitude. Nevertheless, we might expect strong
variations in water concentration at the boundary
between two layers with di¡erent solubility, what-
ever the partitioning between both modes of
transport.

In fact, the strength of this barrier e¡ect de-
pends on the sharpness of the variation in pure
material chemical potential, W*, and therefore on
the thickness of the phase change. In the Earth’s
mantle, the phase changes probably do not occur
in a discontinuous way. In our model the phase
change thickness is prescribed through the param-
eter c. When W* is de¢ned by Eq. 6, Eq. 4 has to
be solved numerically. The thin curves on Fig. 2
show the solutions for c ranging from 0.25UKH/
uz to 8UKH/uz. The barrier e¡ect persists as long
as the phase transition remains thinner than KH/
uz, but the amplitude of the water accumulation
strongly decreases for thicker phase transition. It
reduces by one order of magnitude when c=KH/
uz and two orders of magnitude when c=8UKH/
uz.

Seismic estimates of the width of the mantle
discontinuities infer a very sharp phase transition
at 400 km, less than 5^7 km, and a thicker one at
650 km, 20^30 km [26]. They are globally lower
than thermomechanical estimates [27]. The 650
km phase transition is expected to have the larger

Fig. 2. In£uence of the normalized phase change half thick-
ness c on the shape of the water concentration above a
phase change with a water partition coe⁄cient of 100. The
normalized water concentration is plotted as a function of
KH/uz. KH/uz represents the characteristic thickness of the
water accumulation. We see that the higher the value of c,
the less water is concentrated near the interface. Note also
that an increase of KH and a decrease of uz will play the
same role and make the high concentration zone thicker.
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in£uence on the water distribution, because of the
two orders of magnitude contrast in the water
solubility existing between transition zone and
lower mantle minerals. Consequently, its thick-
ness would strongly restrict the e¡ect of the sol-
ubility variation.

These e¡ects should be only perceptible along
parts of the discontinuity where the mantle verti-
cal mass £ux is almost non-existent: the vertical
velocity should be less than 3U1032 mm/yr (KH/
uz sc, taking c, the half thickness of the phase
transition, equal to 10 km and KH = 1038 m32

s31).

2.4. Time dependence

We will now neglect the advection term in Eq. 4
and focus on the time-dependent solutions. Fig. 3
displays the time evolution of water concentration
under the e¡ect of pure di¡usion. The domain
corresponds to the whole mantle and contains
three layers: the upper mantle, the transition
zone and the lower mantle associated with the
variation in pure material chemical potential dis-
played in Fig. 1. We used 512 grid points along
the depth so as to preserve a transition thickness
in the range of 20 km, c being at least equal to
two mesh sizes (dz=5.9 km, c=11.8 km for a
transition thickness of 23.6 km).

Starting from a homogeneous water concentra-
tion, the equilibrium state is reached when the
concentration ratio between layers equals the sol-
ubility ratio. This happens after a non-dimension-
al time in the order of 1. In the absence of mantle
convection, the time scale is based on the water
di¡usivity and can be resized by the factor L2/KH,
where L is the length scale, i.e. the whole-mantle
thickness. The intra-grain water di¡usivity of the
mantle, estimated to be around 1038 m2 s31 at
1400‡C [2], leads to a time scale of around
30 000 Gyr. A relaxation time comparable with
the Earth’s age would be obtained with a water
di¡usivity value four orders of magnitude higher.
We may note that the upper mantle and the tran-
sition zone balance each other after a non-dimen-
sional time of 1032, which corresponds to the
characteristic time based on their own thickness.

In the light of these preliminary results, we may

infer that, even if the di¡usivity of water is several
orders of magnitude larger than those of other
chemical elements, it appears too small to a¡ect
strongly the mixing expected from the mantle con-
vection. As a consequence, a study including man-
tle dynamics is necessary to draw conclusions con-
cerning the ability of the transition zone to trap a
large amount of water.

3. In£uence of mantle dynamics

3.1. Equations of convection

The velocity ¢eld, u, used to solve the water
conservation Eq. 4 derives from a numerical mod-
el of mantle convection, which is based on the
usual hydrodynamic equations in the approxima-
tion of in¢nite Prandtl number:

Fig. 3. Pure di¡usion e¡ect on mantle water distribution.
Here we display the dimensionless temporal evolution of
water concentration along the z-axis (depth), according to
di¡usion process alone. The initial water concentration con-
dition is a homogeneous mantle. During evolution, water
content of the upper mantle passes by a minimum that im-
plies a transfer of water from the lower mantle to the upper
mantle. Non-dimensional time is L2/KH where L=3000 km
is the thickness of the mantle and KH is the water di¡usivity.
With high di¡usivity, KH =1036 m2 s31, distribution reaches
steady state, the equilibrium pro¢le, after 300 billion years;
two orders of magnitude greater than Earth’s age. This ex-
periment shows the slowness of the di¡usion process to en-
rich water in the transition zone.
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9 Wu ¼ 0; ð9Þ

39 p3bKTgþ Rvu ¼ 0; ð10Þ

DT
D t

þ uW9T ¼ 9 U Wð9TÞ þx : ð11Þ

Here p denotes the pressure, b the mean density,
K the thermal expansivity, g the gravity, R the
viscosity, T the temperature, K the thermal di¡u-
sivity and x the internal heat generation. The
velocity ¢eld is expressed in terms of a stream
function 8 through:

Fig. 4. In£uence of water di¡usivity on water concentration variations. (a), (b), (c) display the snapshots of the water content in
ppm after convergence is supplied for di¡erent water di¡usivities, (d) is the stream function corresponding to the temperature
¢eld (e). A Rayleigh number of 106 and a free slip condition at the top of the box are applied to a homogeneous water content
mantle. Concentration variation in the high di¡usivity case KH =1036 m2 s31 reaches a factor of 10 (b), but remains too low to
be discernible for this range in the low di¡usivity case KH =1038 m2 s31 (a). In these two cases, maximum variations settle near
the center of the convection cell where the vertical velocities are the lowest. With very high water di¡usivity KH = 1034 m2 s31

(c) the enriched zone is localized in the downward £ow area where the contrast reaches a value of 500 exceeding the maximum
factor of 100 in the pure di¡usion case (Fig. 3).
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ux ¼ D8

D z
and uz ¼ 3

D8

D x
: ð12Þ

Introducing Eq. 12 in the momentum Eq. 10 leads
to the fourth-order di¡erential equation of the
stream function:

v
28 ¼ 3

bgK
R

DT
D x

: ð13Þ

The boundary conditions for both the energy
and momentum equations will be explained in
the next section, as they vary from one experi-
ment to another. Every experiment has been per-
formed with a stepwise increase in viscosity by a
factor of 30 across the 650 km discontinuity. Such
a viscosity variation has been put forward to ac-
count for the geoid^topography relationship at
long wavelengths [28].

Using ¢nite di¡erences and the alternate direc-
tion implicit (ADI) scheme, the water and energy
equations are solved over a regular grid using the
method developed by Douglas [29]. The mesh size
is 11.75 kmU5.875 km (512 grid points along
the vertical direction). The stream function is
expanded in Fourier series and solved by ¢nite
di¡erences along the vertical direction over 512
points.

3.2. In£uence of water di¡usivity and water
solubility

Now, we can proceed to a 2-D cartesian model,
¢rstly by looking at the e¡ects on the water dis-
tribution of the steady-state velocity ¢eld of a
simple square convection cell (Fig. 4d and e).
Top and bottom boundaries are free slip, and
there is no internal heating. The Rayleigh number
is set to 1.1U106 so that the surface velocity
reaches 3.5 cm/yr in average, which is comparable
to the Earth’s plate velocities. Note, on the stream
function and the temperature ¢eld, the narrowing
of the isolines due to the presence of the viscosity
gradient at 650 km. Fig. 4a, b and c displays the
steady-state water distribution obtained for three
di¡erent values of water di¡usivity: 1038, 1036

and 1034 m2 s31 respectively, from a homogene-
ous content of around 100 ppm. In the three
cases, the time required to reach the steady state
is smaller (KH =1038, 1036 m2 s31) or of the same

order (KH =1034 m2 s31) than the time scale
based on the water di¡usivity (roughly 15 Gyr).
For the smallest value of the water di¡usion, 1038

m2 s31 (Fig. 4a), the variation in water content
remains negligible below 10 ppm and the solubil-
ity jumps are likely to have no e¡ect. For the
intermediate value, 1036 m2 s31 (Fig. 4b), the dis-
tribution pattern looks similar to the former but
with larger amplitude. The most water-enriched
and depleted zones are focused on either side of
the boundaries of the transition zone and hori-
zontally restricted to the region where the vertical
velocity is low enough to allow the di¡usion pro-
cess to act, i.e. at the horizontal middle part of the
cell. The maximum contrast between high and low
water content reaches a factor of 15 in low water
content area (TZ^LM boundary). It is necessary
to increase the water di¡usivity up to 1034 m2 s31

(Fig. 4c) to observe strong variations in the water
distribution. In this case, the pattern is quite dif-
ferent from the previous ones. The enriched zone
is localized in the high solubility zone (the tran-
sition zone) of the downward £ow region. Sur-
prisingly, the range in the water content reaches
around 5000 ppm. This exceeds the maximum
contrast of 990 ppm expected in case of pure dif-
fusion. In Fig. 5, this range has been plotted as a
function of water di¡usivity. It exhibits a maxi-
mum for a value of water di¡usivity of 1034 m2

s31, suggesting a resonance phenomenon between
the convection and di¡usion time scale.

The preliminary conclusion of this ¢rst series of
experiments is that a high water solubility zone
seems e⁄cient in storing a signi¢cant amount of
water only for high water di¡usivity; a di¡usivity
four orders of magnitude higher than the one de-
termined from laboratory experiments. Neverthe-
less, mantle dynamics are much more complex
than the case used in this oversimpli¢ed experi-
ment, and a more realistic model must be used
to draw robust conclusions.

3.3. The role of mantle dynamics in water
distribution through the Earth’s mantle

The Earth’s mantle dynamics are mostly con-
trolled by plate tectonics [30]. To simulate this
system, a model of mantle convection would re-
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quire a top boundary condition, which more
closely represents plate dynamics than the free
slip condition previously used. Such a boundary
condition was proposed by Ricard and Vigny [28]
and will be adopted in the following experiment.
The method consists of a piece-wise rigid condi-
tion: each part of the top boundary mimics a
plate and is free to move in the positive or neg-
ative direction. The velocity of each plate is as-
sumed to be constant over the ¢rst 80 km and is
calculated at each iteration by balancing stresses
exerted by the mantle convection with stresses in-
duced by the plate motion. In this model, plate
geometry remains ¢xed during the whole experi-
ment. Additionally, the model will be performed
with pure internal heating. In doing so, we focus
the experiment on the dynamics of plates and
subductions, neglecting the e¡ect of a hot mantle
plume. All other parameters have been chosen so
that the surface velocities should be in the range
of Earth’s plate velocities, i.e. 4 cm/yr on average.

In the experiment displayed in Fig. 6, three tec-
tonic plates constitute the top boundary. One ex-
tends over 7000 km, which is representative of the
average plate length on Earth. The aspect ratio of

the box is 5 (1280U512 grid points). In Fig. 6, a
panel series displays the temperature ¢eld evolu-
tion over four billion years. The surface velocity is
plotted above each panel. The subduction zone
appears to jump from one plate boundary to an
other with time. This switching is only derived
from the 2-D framework of the model, and is
not observed in 3-D spherical geometry, where
the sinking currents slowly move around the
plates [30]. However, this artifact is useful to re-
produce the unsteady behavior of mantle convec-
tion.

Using this model of mantle convection, we will
now compare two evolutions starting with oppo-
site distributions (Fig. 7): a homogeneous water
content and the relaxed one obtained at the dif-
fusion equilibrium, i.e. the distribution ¢ts the
partition coe⁄cient 1:10 for UM/TZ and 1:100
for LM/TZ shown in Fig. 1. We assume there is
no external water source, so the total amount of
water will remain constant in the box and will be
¢xed to the same value in both cases. To start
with the same total amount in both cases, the
initial condition is a water content of 100.3 ppm
everywhere in the ¢rst case and an equilibrated
distribution of 10 ppm in the lower mantle, 1000
ppm in the transition zone and 100 ppm in the
upper mantle, in the second case. Lastly, to take
into account possible grain boundary di¡usion,
the water di¡usivity is set at a high value of
1036 m2 s31 [27]. It will emphasize the e¡ect of
the di¡usion process and of the solubility varia-
tion that was very weak with KH of 1038 m2 s31.

The early evolution of the water content, de-
picted in Fig. 7, highlights the strong mixing in-
duced by the convection and the inability of the
di¡usion process to concentrate or to keep the
water in the high solubility region, i.e. the transi-
tion zone.

In the case where the initial condition is a ho-
mogeneous distribution (Fig. 7, left-hand side),
only a weak variation appears after 100 Myr. In
the region of the transition zone crossed by the
subduction, the di¡usion e¡ect is erased. Else-
where, the transition zone pumps water. Near
the upper interface (UM/TZ) the concentration
is a maximum but remains less than 200 ppm.
In the other case (Fig. 7, right-hand side), the

Fig. 5. Maximum water concentration range reached at
steady state as a function of water di¡usivity (i.e. di¡erence
between maximum and minimum H2O concentration) in
model presented in Fig. 4. The contrast is maximum for a
di¡usivity value of KH =1034 m2 s31. This value exceeds the
one expected without convection and may correspond to a
resonance between the e¡ects of convection and di¡usion.
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Fig. 6. Snapshots of dimensionless temperature ¢elds in a convecting mantle. Figures show the temporal evolution of the temper-
ature in a 2-D cartesian box of 3000 km depth. Surface conditions are imposed as zero temperature and three tectonic plates ve-
locity. Plate motion is controlled by stresses induced by the convection [29]. Bottom conditions are zero heat £ux and free slip.
The velocity ¢eld corresponding to this temperature ¢eld is used in H2O transport calculations presented in Figs. 7 and 8.
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horizontal strati¢cation set at the beginning is
completely removed by the subducting £ow. The
water present in the transition zone at the initial
state is advected and dispersed in the lower man-
tle by the downward £ow. Away from the sub-
duction zone, the strati¢cation is preserved during
the ¢rst 30 Myr. After 100 Myr, this horizon has
been stirred and dragged toward the upper mantle
by the di¡use upward £ow, especially at the
ridges, and only some residual pockets of high
water content remain in the vicinity of the tran-
sition zone.

Fig. 8 displays the evolution over billion-year

intervals. If in the homogeneous case (Fig. 8, left-
hand side) the distribution evolves with time, the
main features remain the same during four billion
years. Some enriched regions remain close to the
interfaces and the maximum contrast never ex-
ceeds a factor of 3, far from the factor of 100
imposed by the partition coe⁄cients. In the sec-
ond case (Fig. 8, right-hand side) some large lat-
eral heterogeneity can still be observed but the
horizontal layered distribution is no longer dis-
cernible. Finally, after four billions years, the
water distribution appears quite homogeneous
and the di¡erences between higher and lower con-

Fig. 7. Evolution of water distribution in Earth’s mantle starting from two di¡erent initial conditions: a homogeneous initial
mantle (left-hand side) and an initial mantle at di¡usive equilibrium (right-hand side). Water contained in transition zone (TZ) is
driven downward to the lower mantle by the advecting £ow. Due to the very low solubility in lower mantle, water saturation
can be expected and free water would be released just under the transition zone. The dimensionless temperature and vertical ve-
locity ¢elds corresponding to 30 Myr are also displayed to help the Localization of the subduction zone. In the latter, the nega-
tive velocities area is shaded in dark and the positive in light. The step between isolines is 1 cm/yr.
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centrations are comparable with the result ob-
tained using the homogeneous initial condition.
The comparison between these two experiments
demonstrates that in a case with a relatively
high water di¡usivity, initial conditions of water
distribution have no e¡ect on the water distribu-
tion in the long term and that the mixing e¡ect
provided by mantle convection is a dominant pro-
cess.

3.4. E¡ects of a source term

In previous experiment, because of the absence
of a source term in the water equation, subduc-
tion zones are dry. Actually, subducting plates
drag hydrated crust into the mantle. Most of
this water is released in the mantle wedge when
hydrous minerals leave their stability ¢eld, but the
remaining part is driven deeper and constitutes a
water source for the mantle. We handle with the
positive source term by imposing a constant con-
centration equal to a dimensionless unit at the
convergence of two plates. In this experiment,
the initial state is zero water content everywhere
in the mantle. Fig. 9 shows from top to bottom:
water concentration evolution during 60 Myr, a
snapshot of the temperature ¢eld taken after 30
Myr of evolution and a snapshot of the corre-

sponding vertical velocity ¢eld. This ¢eld is repre-
sentative of Earth subduction, around 5 cm/yr.

It is notable that solubility variation has little
e¡ect on the water advected by subducting plates
for a di¡usivity of 1036 m2 s31. All the water is
directly led to the core^mantle boundary and
crosses the transition zone, as there is no solubil-
ity change. These experiments let us assume that,
in the absence of transport processes other than
di¡usion and advection, subducted water will be
driven to the core^mantle boundary and follow
the path of the recycled oceanic crust.

4. Concluding remarks

The essential outcome of the experiments de-
scribed here is that advection is likely to control
water distribution, even with the assumption that
grain boundary di¡usion enhances the di¡usion
rate by two orders of magnitude (1036 m2 s31)
[27]. The assumption we have made to neglect
the temperature dependence of the water di¡usiv-
ity is justi¢ed by this result, since its e¡ect will be
to decrease the di¡usivity in some regions. Here,
we did not take into account the 660 km phase
changes in the convection model and so we did
not approach the case of layered convection. In

Fig. 8. Long-term evolution of water distribution in Earth’s mantle starting from two di¡erent initial conditions (next to Fig. 7).
After three billion years, the water content variations in both cases are similar. The initial conditions are no longer discernible.
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this case, a subducted slab or part of it can stay
long enough in the transition zone [31]. When we
force the convection to be strati¢ed then the tran-
sition zone is water-enriched in a ¢rst stage and
then water content of the transition zone and the
upper mantle is homogenized. The e¡ect of the
1:10 partition coe⁄cient between UM and TZ is
quite invisible like in the whole-mantle convection
cases. In this one convection layer case, the tran-
sition zone is likely to have no in£uence on water
dynamics. Indeed, water coming from the transi-
tion zone or from a subduction zone can be lead
into the lower mantle (Fig. 9, right-hand side Fig.
7).

However, if no extra hydrous or hydrous rich
minerals are stable in the lower mantle, as it is

suggested by high-pressure experiments [3], water
solubility in lower mantle is very low. Therefore
some parts of the lower mantle could be water
supersaturated and so free water could be pro-
duced in these areas. We must ask what is the
behavior of water driven by dynamic £ows deeper
than the transition zone? One possibility is that
free water remains con¢ned as £uid inclusions or
as hydrous phases in rocks. In that case, water
may be lead to the core^mantle boundary (Fig.
9) and stay there during several hundred million
years. The presence of a signi¢cant amount of
water at the core^mantle boundary could explain
some seismic characteristics of the DQ layer. It
could also explain the high water content of hot
spot basalts since hotspots could appear at the

Fig. 9. Behavior of subducting water. The temporal evolution of water distribution in Earth’s mantle with a water source at the
trench. The two lower ¢gures show temperature and vertical velocity ¢elds corresponding to 30 million years and are representa-
tive of the entire evolution presented above. Water injected at the trench into an empty mantle is directly driven through the
mantle to the core^mantle boundary (CMB). As the water crosses the TZ, the di¡usion process (with KH =1036 m2 s31) is not
e⁄cient enough to pump water from the subducting £ow to the TZ.
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core^mantle boundary. Here we must recall that
our model assumes a zero water £ux between core
and mantle. A more probable possibility is the
release of water by rocks during the transforma-
tion of spinel into perovskite plus magnesiowus-
tite and then free water should be present at grain
boundaries. This question can be related to the
behavior of water contained in the hydrous min-
erals of a subducting slab. At lower depths, we
know that water expelled from hydrous mineral
is likely to migrate and to trigger melting which is
the source of arc magmatism [32]. Actually, the
behavior of water is probably the same in both
cases and we can guess that free water is produced
below subduction zones at the top of the lower
mantle.

Further work is needed to establish the distri-
bution induced by free water percolation, but we
can guess that water in a porous medium will
behave like magma described by Stevenson, in
1989 [33]. Water or magma would migrate along
the direction parallel to the axis of minimum com-
pressive stress and accumulate in veins. Then
buoyancy would drive the water back up to the
transition zone. The distribution provided in a
very high di¡usivity experiment (right-hand side
Fig. 4) is likely to give a good estimate of the
distribution induced by water percolation. Con-
centration should be very high above the TZ/
LM interface, water partitioning could be higher
than the 1:100 expected from the solubility jump.
It could be a very e⁄cient way to concentrate
water and to produce a water-rich zone in the
Earth’s mantle. But to decide between these two
hypotheses, further high-pressure experiments
must be performed to con¢rm if water cannot
be e¡ectively stored in the lower mantle NAMs.
Finally, this study highlights the probable impor-
tance of free water behavior on water distribution
in the Earth’s mantle.
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Appendix

We have used the high-resolution 1-D model to
check the stability of the numerical solution com-
puted on a coarser grid. Fig. 2 shows that the
numerical solution with 16 384 grid points tends
to the analytical one (thick curve) when c tends to
zero. Furthermore, the accuracy of the solution
can be checked with an internal criterion. At
steady state Eq. 4 gives:

D

D z
UH

D

D z
½H� þ UH ½H� D

D z
W i

RT

� �
3uz½H�

� �
¼ 0 ðA1Þ

that expresses the conservation of the water £ux
along z. When z tends toward 3r, this £ux is
equal to 3uz[H]r, so that:

UH
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D z
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½H� : ðA2Þ

After integration over the whole domain, we ¢nd
that:

uz
UH

Z þr

3r

½H�3½H�r
½H� dz ¼ vW

RT
ðA3Þ

where vW is the di¡erence in pure material chem-
ical potential from 3r to +r. The notable inter-
est of this quantity is that it does not depend on
the c, uz or KH. We ¢nd an agreement remaining
within 2%, which does not depend on the mesh
size as long as cv 2Udz.
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