
Water in Earth’s Lower Mantle
Motohiko Murakami,1* Kei Hirose,1 Hisayoshi Yurimoto,1

Satoru Nakashima,2 Naoto Takafuji1

Secondary ion mass spectrometry measurements show that Earth’s represen-
tative lower mantle minerals synthesized in a natural peridotitic composition
can dissolve considerable amounts of hydrogen. Both MgSiO3-rich perovskite
and magnesiowüstite contain about 0.2 weight percent (wt%) H2O, and Ca-
SiO3-rich perovskite contains about 0.4 wt% H2O. The OH absorption bands in
Mg-perovskite and magnesiowüstite were also confirmed with the use of in-
frared microspectroscopic measurements. Earth’s lower mantle may store
about five times more H2O than the oceans.

The mass of the oceans is only 0.02% of that of
Earth. If Earth was formed by the mixture of C1
chondrite and enstatite chondrite (1), it initially
contained about 2 wt% H2O. Most of the H2O
(or reduced H) may have been lost from Earth
since then, or it may still be stored in Earth’s
deep interior. If H2O is present in the interior, it
will influence the physical and chemical prop-
erties of the silicate mantle such as its viscosity
(2), melting temperature (3, 4), rate of ionic
diffusion, and grain growth. Previous experi-
ments on the maximum solubility of H2O or
hydrogen in mantle minerals and molten iron at
high pressures showed that wadsleyite and ring-
woodite can include 2 to 3 wt% of H2O in the
transition zone (5–7) and that molten iron can
dissolve ;4% hydrogen (8). However, the pos-
sible sites for H2O in lower mantle minerals
have been controversial. The dense hydrous
magnesium silicate (DHMS) phase of phase D
contains more than 10 wt% H2O in the lower
mantle, but it is stable only in cold slabs at
depths shallower than 1200 km (9). The lower
mantle is believed to consist predominantly of
Mg-perovskite with some magnesiowüstite and
Ca-perovskite (10, 11). Elucidating the water
contents in these minerals will lead to an un-
derstanding of the most promising storage site
of H2O in the lower mantle. It was suggested
that Mg-perovskite was a potential candidate
for water storage in the deep mantle (12–14).
Previous infrared spectroscopic measurements
showed that the solubility of water in pure
MgSiO3-perovskite is quite limited or undetect-
able (15, 16). However, it is well understood
that the water in nominally anhydrous minerals
such as olivine, pyroxene, garnet, and their
high-pressure polymorphs is likely to be con-
tained in the form of point defects, which in-
crease with chemical impurities (12, 17).

We measured the abundance of hydrogen

in Mg-perovskite, magnesiowüstite, and Ca-
perovskite synthesized in the natural peridot-
itic composition. The mineral phases were
synthesized at high pressure and high temper-
ature in a multianvil apparatus. Three starting
materials were prepared as mixtures of Mg-
free KLB-1 peridotite gel and brucite. Ca-
SiO3 glass or MgO and FeO reagents were
also added to increase the volume of Ca-
perovskite or magnesiowüstite (Table 1). The
fine powders of the starting materials were
loaded into Au75Pd25 capsules and then
sealed. We used an 8/3 assembly (8-mm oc-
tahedron edge length and 3-mm truncated
edge length of tungsten carbide). The exper-
imental temperature was monitored with the
use of a W5Re-W26Re thermocouple that was
inserted axially into the octahedral assembly.
Three experiments were performed at a pres-
sure of 25.5 GPa and at 1600° to 1650°C. The
details of the experimental configuration and

the pressure calibration are described else-
where (18). Run durations were 60 to 75 min.
The samples were quenched at a rate of
1000°C/s, and the recovered samples were
examined with an electron probe microana-
lyzer. The major element compositions of the
three synthesized minerals are shown in Ta-
ble 1. In all the experiments, they coexisted
with melts, and their size was larger than 40
mm in general. Ca-perovskite was pressure-
unquenchable and converted to the amor-
phous state at ambient pressure.

In the secondary ion mass spectrometry
(SIMS) analysis (19–21), each sample was
mounted together with two standards (a natural
hornblende containing 1.66 wt% H2O and a
H2O-free MgSiO3 perovskite). They were mea-
sured under the same conditions to have con-
stant background signals correlated with the
hydrogen ions. Surface-correlated water in the
sample, such as water adsorbed on the surface
and in micro-cracks introduced by polishing,
was removed by sputtering the surface of the
sample and monitoring the profile of the hydro-
gen intensity with sputter time (20, 22). All
analytical points showed the steady state of
hydrogen intensity. The spot size of the primary
ion beam (;10 mm) was smaller than the size
of the grains analyzed in these measurements.
Accordingly, we were able to avoid grain
boundary effect. The analyzed water contents
are shown in Table 2. The dispersion of each
analytical point in the same phase may be due
to the change in hydrogen background signals
and the sample heterogeneity. The results show
that Mg-perovskite and magnesiowüstite each
contain ;0.2 wt% and that Ca-perovskite con-
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Table 1. Experimental conditions and representative microprobe analyses of the run products. MgPv, Mg-
perovskite; CaPv, Ca-perovskite; Mw, magnesiowüstite; St, stishovite.

C157 C165 C183

Run conditions
Pressure (GPa) 25.5 25.5 25.5
Temp. (°C) 1600 1620 1650
Time (min) 75 60 60
Products MgPv1CaPv1St1melt MgPv1CaPv1St1melt MgPv1Mw1melt

Molar compositions
(O 5 24) MgPV CaPv MgPv CaPv MgPv Mw
Si 7.324 7.786 7.173 7.911 7.353 0.118
Ti 0.003 0.013 0.012 0.033 0.009 —
Al 0.801 0.056 0.946 0.084 0.564 0.073
Cr 0.027 — 0.027 0.002 0.023 0.018
Fe 0.883 0.012 0.905 0.025 1.013 1.818
Mg 7.097 0.028 7.145 0.046 7.261 21.687
Ca 9.019 8.078 0.031 7.708 0.009 —
Na — 0.015 0.005 0.015 0.005 0.030
K 0.002 0.008 — — — —
H 0.209 0.380 0.173 0.392 0.220 0.217
Total 16.364 16.375 16.417 16.217 16.457 23.960

Starting materials

C157: 75.5 wt% KLB-1 gel 1 11.0 wt% CaSiO3 1 13.5 wt% H2O

C165: 64.0 wt% KLB-1 gel 1 25.0 wt% CaSiO3 1 11.0 wt% H2O

C183: 42.5 wt% KLB-1 gel 1 38.9 wt% MgO 1 11.1 wt% FeO 1 7.5 wt% H2O
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tains ;0.4 wt% H2O. There were no systematic
differences in H2O contents between the sam-
ples, and this may suggest that the solubility of

H2O in each phase does not depend on the H2O
content in the coexisting melt (or fluid).

Infrared (IR) microspectroscopic measure-

ments were also made on single crystals of both
Mg-perovskite and magnesiowüstite in the run
products #C165 and #C183 (23, 24). The IR
spectra were obtained from doubly polished
large crystals (;100 mm in size). All the grains
analyzed were checked to be single grains by
cross-polarized microscope. To avoid the grain
boundary effect, we handpicked the crystals
from the sample capsule. We found OH stretch-
ing bands at ;3690, ;3600, ;3410, and
;3340 cm21 in the Mg-perovskite and at
;3620, ;3520, and ;3400 cm21 in the mag-
nesiowüstite (Fig. 1, A and B). The highest
peak positions around 3400 cm21 of Mg-per-
ovskite and magnesiowüstite are similar to pre-
vious spectral measurements for the MgSiO3-
perovskite (15, 16). We confirmed that the
absorption intensity of the same single crystal
of Mg-perovskite analyzed at same direction
was proportionally reduced with thickness of a
crystal from 50 to 20 mm. This result indicates
that the adsorbed water on the sample surface is
negligible in our measurements. The variation
of band intensity in different grains (Fig. 1, A
and B), therefore, might be due to heterogeneity
of water contents in these minerals. The polar-
ization anisotropy of IR spectra are presented in
Fig. 1, C and D. Both the polarized spectra of
Mg-perovskite and magnesiowüstite changed
with changing sample orientation from 0° to
90°. This indicates that the water species ob-
served in Mg-perovskite and magnesiowüstite
are crystallographically oriented structural wa-
ters. Moreover, neither sub-mm inclusions nor
sub-grain boundaries were observed in the sin-
gle crystal of Mg-perovskite by the transmis-
sion electron microscopy (TEM; JEOL-2010).
This observation shows that the hydroxyls
should be in the crystal structure of Mg-perovs-
kite. The relatively broad absorption spectra in
the present IR analyses may indicate more com-
plex speciation of water (25) than that formed
in the simple MgSiO3 system. We estimated the
water content in the Mg-perovskite and magne-
siowüstite with the use of unpolarized IR ab-
sorption data and on the basis of the Beer-
Lambert law (26). The results show that Mg-
perovskite contains ;0.1 wt% H2O, and mag-
nesiowüstite contains ;0.2 wt% H2O. This
seems consistent with that of SIMS analyses.

The oxygen defect substitution correlated
with the trivalent ions such as Al31 and Fe31

has been proposed for the incorporation of H2O
in Mg-perovskite (12). Our study shows that
Mg-perovskite including some Al2O3 and
Fe2O3 can contain ;2000 parts per million
(ppm) H2O, whereas pure MgSiO3-perovskite
contains much less water (,60 ppm H2O) (15,
16). If it is assumed that such oxygen defect
substitutions only by Al31 are the dominant
mechanism of H2O solubility in this phase, then
it is shown that 19 to 39% of Al31 is incorpo-
rated with these substitutions based on the wa-
ter contents studied here. This study also shows
that magnesiowüstite can contain large amounts

Fig. 1. Unpolarized infrared spectra with a 20 mm by 20 mm aperture of Mg-perovskite and
magnesiowüstite single grains obtained from run product #C183. Thickness of the samples are ;20
mm for magnesiowüstite and ;80 mm for Mg-perovskite (A and B). Polarized infrared spectra with
a 20 mm by 20 mm aperture of Mg-perovskite (run #C165) and magnesiowüstite (run #C183) and
a sample thickness of ;50 and ;20 mm, respectively (C and D). Polarized spectra are obtained by
rotating the sample on the rotary sample stage under IR microscope with a polarized IR beam.

Table 2. H2O contents of each analytical point measured by SIMS. Standard deviation was determined
by count statistics of secondary ion intensities at steady state H1 emission.

Mineral phase
Run
no.

H2O content
(wt%)

Error
(2s)

Average
(wt%)

Mg-perovskite C157 0.25 0.02
0.36 0.01
0.16 0.01
0.11 0.00
0.28 0.01 0.23

C165 0.35 0.01
0.15 0.01
0.25 0.01
0.12 0.01
0.16 0.02
0.28 0.01 0.19

C183 0.34 0.01
0.14 0.01 0.24

Ca-perovskite C157 0.34 0.04
0.44 0.04
0.32 0.03 0.37

C165 0.51 0.03
0.37 0.02
0.22 0.01
0.49 0.06
0.31 0.02 0.38

Magnesiowüstite C183 0.21 0.01
0.10 0.01
0.25 0.02
0.18 0.02 0.19
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of water, whereas the pure MgO-periclase co-
existing with MgSiO3-perovskite and melt can
contain only ;2 ppm H2O (16). Magnesiowüs-
tite is likely to include some Fe31 (27). The
coupled substitution 2M21 5 Fe31 1 H1 may
be necessary to incorporate hydrogen in this
phase. Ca-perovskite is a major carrier of trace
elements in the lower mantle (28). Our study
shows that Ca-perovskite has a higher solubility
of H2O than the other two phases. However, the
analyses were made after Ca-perovskite be-
came amorphous at ambient pressure, so further
investigation on its H2O solubility with a per-
ovskite structure is needed.

Our results suggest that the lower mantle
can potentially store considerable amounts of
water. A lower mantle, consisting of 79 wt%
Mg-perovskite, 16 wt% magnesiowüstite, and 5
wt% Ca-perovskite (11), can contain 0.2 wt%
H2O. When this capacity is integrated over the
mass of the lower mantle, the total mass of
water is ;5 times that of oceans. This amount
is comparable to that in the transition zone (;6
times more than the oceans), where 3.3 and 2.2
wt% H2O can be included in wadsleyite and
ringwoodite, respectively (5, 7). The consider-
able amount of hydrogen can be stored in deep
reservoirs such as the transition zone, lower
mantle, and core (5–8).

The high solubility of H2O in representative
lower mantle minerals also has implications for
the rheological properties of the lower mantle
(29). The presence of water in a crystal structure
can reduce the strength of a mineral and control
creep mechanisms (2, 6). The water may be
transported into the lower mantle by the subduc-
tion of hydrated slabs, and may be released upon
decomposition of DHMS phases such as phase
D, which contains ;10 wt% H2O, around 1200
km depth (9). Hydrogen may be also added to
the lower mantle from the hydrogen-saturated
outer core as H2O (8). Lower mantle minerals
would absorb this released H2O and would be
considerably softened due to the relaxation
around the defects. Accordingly, flow of mate-
rial would be expected along the down-going
slabs and along the bottom of the mantle.
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Repeated and Sudden Reversals
of the Dipole Field Generated
by a Spherical Dynamo Action

Jinghong Li,1* Tetsuya Sato,1,2† Akira Kageyama1,2

Using long-duration, three-dimensional magnetohydrodynamic simulation, we
found that the magnetic dipole field generated by a dynamo action in a rotating
spherical shell repeatedly reverses its polarity at irregular intervals (that is,
punctuated reversal). Although the total convection energy and magnetic en-
ergy alternate between a high-energy state and a low-energy state, the dipole
polarity can reverse only at high-energy states where the north-south sym-
metry of the convection pattern is broken and the columnar vortex structure
becomes vulnerable. Another attractive finding is that the quadrupole mode
grows, exceeding the dipole mode before the reversal; this may help to explain
how Earth’s magnetic field reverses.

Earth’s magnetic field is believed to be gen-
erated by dynamo action in a rotating electri-
cally conducting fluid (1–3). The magnetic
field of Earth is dipole-dominated and sud-
denly reverses its polarity at irregular inter-
vals (4, 5).

Three-dimensional magnetohydrodynamic

simulations in recent years have succeeded in
demonstrating the self-excitation of the dipole
field (6–8). In the Glatzmaier-Roberts simula-
tion (6), reversal of the generated dipole field
was also observed. On the other hand, the
Kageyama-Sato model obtained a flip-flop tran-
sition of the total magnetic and convection en-
ergies, which was associated with the reversal of
the dipole field (9). Glatzmaier et al. (10) stud-
ied the effects of nonuniformity of heat flux
pattern on the reversal to find the role of the
nonuniform heat flux. Coe et al. (11) described
the evolution of the morphology and/or spectral
energy of simulated magnetic fields during re-
versals. Although the previous reversal studies
have succeeded in demonstrating the occurrence
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