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REVIEW ARTICLE

Diamonds and water in the deep Earth: a new scenario
Fabrizio Nestolaa and Joseph R. Smythb

aDipartimento di Geoscienze, Università di Padova, I-35131 Padova, Italy; bDepartment of Geological Science, University of Colorado, Boulder,
CO 80309, USA

ABSTRACT
Earth is a water planet, but how much water exists on and in the Earth? Is the water limited to the
Earth’s surface and limited depths of our planet (molecular water of the hydrosphere), or do deep
reservoirs of hydrogen and oxygen really exist as proposed in recent works but not yet proven? Due
to the importance of H2O for life and geological processes on the Earth, these questions are among
the most significant in all of the Earth sciences. Water must be present in the deep Earth as plate
tectonics could not work without water as a major driving force that lowers both viscosity and
density of the solid mineral phases of the interior and controls the onset of melting. On subduction,
water is returned to the hydrosphere first by dewatering of hydrous phases and second by melting
and arc magmatism in and above the subducting slab. The mantle is composed of oxygen minerals,
and the extent to which hydrogen is dissolved in them constitutes the true reservoir of the planet’s
water. Are ‘deep water and diamonds’ intimately related as indicated in the title of the present
article? What is the connection between these two important terrestrial materials? The necessity to
review this issue arises from the recent discovery of a strongly hydrous ringwoodite in a Brazilian
diamond. As ringwoodite constitutes 60% or more of the lower part of the transition zone, between
525 and 660 km depth, this could correspond to a huge amount of water in this region, comparable
or greater in mass to all of Earth’s hydrosphere. If the water found in this ringwoodite is represen-
tative of the water concentrations of the transition zone, then estimates of Earth’s total water
reservoir are in need of major revision. This work is an attempt at such a revision.
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Diamond is one of the most familiar of Earth materials
because of its ‘special’ physical properties, which make
this high-pressure polymorph of carbon a valuable
material for industry and jewellery. However, what is
less well known is that natural diamond represents a
real and unique window into the deep regions of our
planet. Diamonds are one of the oldest terrestrial mate-
rials, commonly older than three billion years. Indeed,
diamonds can transport inclusions, which are fragments
of deep Earth consisting of a wide variety of minerals,
from silicates to oxides, to sulphides, carbonates, and
more [see, for instance, inclusions of an important sili-
cate such as olivine, (Mg,Fe)2SiO4, Figure 1, which are
common silicates entrapped in diamond at high-pres-
sure and high-temperature conditions, Nestola et al.
(2011, 2014)].

Diamond crystallizes at depths greater than
130–150 km in the upper mantle (the rocky ‘shell’ of
the Earth that extends from the base of the crust down
to 410 km depth), and it is now widely accepted that
they can form in the transition zone (between 410 and
660 km depth, Pearson et al. 2014) and the lower

mantle (below 660 km depth) (see Shirey et al. 2013
for an extensive and recent review of natural diamonds
and their mineral inclusions). In general, about 95% of
natural diamonds have crystallized in the 150–250 km
region in the upper mantle (so-called ‘lithospheric dia-
monds’ formed under tectonically stable cratonic areas),
but the remaining 5% are considered to be ‘super-deep
diamonds’ as they are believed to have grown at much
greater depths in the Earth (i.e. transition zone and
lower mantle). Figure 2 is a world map showing the
distribution of diamond occurrences, classifying them
as lithospheric, super-deep, and alluvial diamonds (dia-
monds that have been naturally extracted from their
original kimberlite and deposited in a different environ-
ment commonly far from the original source). From
Figure 2, it is evident that super-deep diamonds are
quite rare, but are the only diamonds capable of directly
sampling the transition zone and the lower mantle.

A general scheme of the Earth’s interior showing
different shells with their relative depth ranges is
given in Figure 3. In this figure the graphite–diamond
boundary and the mantle keel where diamonds most
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commonly form are also indicated. It should be noted
that this ‘special’ part of the Earth is tectonically stable,
and the temperature here may be slightly lower than
the surrounding mantle material at the same depth. In
these regions of the Earth, based on the depth, the
temperature ranges between 900 and 1400°C (see
Stachel and Harris 2008), the so-called ‘diamond win-
dow’. Finally, Figure 3 also shows subduction with the
subducting slab reaching the lower mantle. Indeed, it is
widely accepted that diamonds can also form in the
subducting slab (Shirey et al. 2013), and since subduc-
tion is the main geological process capable of hydrating

the mantle (see an extensive and recent review by
Faccenda 2014), we can expect that diamonds formed
in subduction zones may entrap hydrated minerals from
this environment.

The most common mineral inclusions found in litho-
spheric diamonds have been reviewed by Stachel and
Harris (2008), and are listed in Table 1, together with the
most common mineral inclusions found in super-deep
diamonds (Kaminsky 2012). From laboratory experi-
ments it is well known that some of these minerals
crystallize only at very high-pressure and high-
temperature conditions (e.g. bridgmanite, MgSiO3 with

Figure 2. Distribution of diamonds over the world. We decided to show lithospheric, super-deep, and alluvial diamonds. However,
two further types of diamonds could be considered, the ultra-high-pressure crustal diamonds and the impact diamonds, which are
extremely scarce (see Shirey et al. 2013). The world map is modified after http://www.freeworldmaps.net/.

Figure 1. Different inclusions of Mg-rich olivine (indicated by the arrows) with typical cubo-octahedral shape still trapped in a
diamond from Udachnaya kimberlite.
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perovskite-type structure, Tschauner et al. 2014), so
when we actually find such minerals as inclusions in
diamonds, then we can derive direct geological infor-
mation of our planet’s interior not obtainable by other
methods. But how can diamond and its mineral inclu-
sions also provide direct information about the water
reservoirs in the deep Earth?

The answer is again to be found in the types of
inclusions that occur in diamond: beyond the most
common inclusions, we can also find phases that can
sometimes be hydrous. It must be remarked here that
when we refer to ‘hydrous’, we clearly mean water
bound within the mineral crystal structures. For

instance, one mineral found in diamond is phlogopite,
a magnesian mica that contains about 2.5% H2O.
Another hydrous mineral found in diamond is the
so-called phase ‘Egg’ [(AlSiO3(OH)] (Wirth et al. 2007,
Figure 4), which contains even more water, up to
about 7.5% H2O, and is only stable at mantle P and T
conditions as demonstrated by laboratory experiments.
Whereas such hydrous minerals are rare in diamonds,
the main source of water in diamond is H2O incorpo-
rated in trace amounts in the so-called nominally anhy-
drous minerals (NAMs) (see a very extensive review of
NAMs published in 2006 and edited by Keppler and
Smyth (2006) and Hirschmann (2006)). Numerous stu-
dies have shown that minerals that may be completely
anhydrous actually contain small but significant
amounts of structurally bound water. It needs to be
emphasized strongly that hydrous minerals are not typi-
cally found in the mantle, and are only stable in specific
regions. Most water in the mantle has to be stored in
NAMs as temperatures are typically too high for nomin-
ally hydrous minerals to be stable (with the exception of
a few rare phases).

Stable in the Earth’s mantle and belonging to the
NAM category, we include olivine, clino and orthopyr-
oxenes, ringwoodite (cubic polymorph of olivine), wad-
sleyite (orthorhombic polymorph of olivine; both
ringwoodite and wadsleyite are the high-pressure poly-
morphs of olivine), and garnet. Laboratory experiments
have demonstrated that olivine can host up to 10,000

Figure 4. High-resolution transmission electron microscopy
image of an inclusion of phase Egg in a super-deep diamond
from Juína kimberlite modified after Wirth et al. (2007). The
inclusion is represented by the darker pseudo-square grain not
longer than about 20 nm.

Figure 3. Approximate scheme of the Earth’s interior from sur-
face to about 800 km depth. Such a range of depth allows us to
show the Earth’s different shells including the uppermost part
of the lower mantle. In yellow a typical tectonically stable
cratonic area with its very old mantle keel (see Shirey et al.
2013 for an extensive review). The scheme also shows a possi-
ble graphite–diamond boundary and a subduction zone with a
subducted slab reaching the lower mantle. Relative to the
transition zone, we decided to subdivide it into upper and
lower transition zones based on the wadsleyite–ringwoodite
transformation, which occurs at about 525 km depth.

Table 1. Main inclusions found in lithospheric and super-deep
diamonds.
Main inclusions in lithospheric diamonds (Stachel and Harris 2008)
Olivine (Mg,Fe)2SiO4

Garnet (Mg,Fe,Ca)3(Al,Cr)2Si3O12

Mg-chromite (Mg,Fe)(Cr,Al)2O4

Clinopyroxenes (Ca,Na,Mg,Fe)(Mg,Al,Fe)Si2O6

Orthopyroxene (Mg,Fe)2Si2O6

Coesite SiO2

Sulphides Fe–Ni–Cu–Co

Main inclusions in super-deep diamonds (Kaminsky 2012)
Bridgmanite (Mg,Fe)SiO3 (found as back-transformed to low-Ni

enstatite)
Ferropericlase (Mg,Fe)O
Ca-Si-Perovskite CaSiO3 (found as CaSiO3 walstromite-type structure)
Stishovite SiO2

Jeffbenite (Mg,Fe)3Al2Si3O12 (also called TAPP, Tetragonal
Almandine Pyrope Phase)
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ppm H2O (e.g. Kohlstedt et al. 1996; Smyth et al. 2005,
2006; Hushur et al. 2009), orthopyroxene can host at
least up to 8000 ppm (Smyth et al. 2007), and ring-
woodite and wadsleyite can host up to 30,000 and
33,000 ppm H2O, respectively (Smyth 1987, 1994,
2006; Kohlstedt et al. 1996; Ye et al. 2012). Among
clinopyroxenes, natural omphacites [(Ca,Na)(Mg,Al)
Si2O6] can host up to 2500 ppm H2O (Smyth et al.
1991), but in general calcic and sodic clinopyroxenes
show up to 500 ppm H2O (Skogby 2006), whereas syn-
thetic majoritic garnets can incorporate up to
700–750 ppm H2O (Bolfan-Casanova et al. 2000;
Thomas et al. 2015). The values of water reported
here, with the exception of natural omphacite, are all
expressed as maximum experimentally observed solubi-
lity and, therefore, do not imply that these full amounts
of water are actually found in NAMs from natural envir-
onments. For example, olivine and orthopyroxene
found in mantle xenoliths do not show more than
several hundred ppm H2O, whereas natural omphacite
can show several thousand ppm H2O. Thus, it is still
unknown whether NAMs actually have low water con-
centrations in the mantle or whether they lose water
during the ascent to the Earth’s surface. This clearly
depends on the diffusion coefficients of hydrogen in

different NAMs (see Demouchy and Mackwell 2006),
coefficients that are not well documented in the litera-
ture. We remind the reader that xenoliths (pre-existing
rock fragments embedded inside a magma host) only
originate from the uppermost mantle and are incorpo-
rated in, and in direct contact with, these melts (i.e. they
are not protected from them). This means that such
interaction can cause some reaction and relative
change. Hydrogen is a very fast-moving species, so
this interaction has the most pronounced influence on
water contents and it is unlikely that original water
contents in NAMs will be preserved (Novella et al. 2015).

Hydrous NAMs can be found in diamonds (Kurosawa
et al. 1997; Matsyuk and Langer 2004); thus, it is crucial
to study such inclusions to understand whether water
exists in the very deep environments of our planet.
Pursuing such a possibility, a team of researchers from
several countries investigated a series of super-deep
diamonds from Juina (Brazil), and in 2014 found a ter-
restrial ringwoodite containing 1.4% H2O (Figure 5). This
first reported terrestrial occurrence of ringwoodite
appeared as a tiny inclusion (about 0.05 mm) in a
large (~5 mm) diamond (Pearson et al. 2014). We note
here that ringwoodite is a major part of the expected
anhydrous mantle assemblage, so it is indeed possible

Figure 5. Ringwoodite inclusion investigated by Pearson et al. (2014). The image on the top left side represents the diamond
containing the ringwoodite inclusion (the image is a modified version after Keppler 2014). The images on the top and bottom right
side represent a magnification of the ringwoodite inclusion and two infrared spectra (measured at two positions at 90°; both images
are modified versions after Pearson et al. 2014). Finally, the image in the bottom left side is a map of Brazil indicating the Mato
Grosso region where the Juína kimberlite is located (image modified after www.freeworldmaps.net).

4 F. NESTOLA AND J.R. SMYTH

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 L

ib
ra

ri
es

] 
at

 0
9:

22
 2

5 
Ju

ne
 2

01
5 

http://www.freeworldmaps.net


that hydrous ringwoodite in this diamond may be
representative of the actual water content of the part
of the mantle in which the diamond formed. If this
hydrous ringwoodite does not represent a localized
water-enrichment but the actual transition zone water
concentration, this discovery opens new possibilities for
the role of water on global convective circulation (see
next paragraphs). This discovery further demonstrates
that diamond can preserve high-pressure minerals such
as ringwoodite, and therefore it is likely that wadsleyite
may also be found as an inclusion in diamond.
Wadsleyite forms between 410 and 525 km depth,
slightly shallower than the region at which ringwoodite
crystallizes (525–660 km depth), so its finding may pro-
vide further constraints on the real water concentration
in this region. The rarity of such inclusions may also be
due to the special ascent rate conditions of diamonds
from such an extreme depth and to the pressure–
temperature conditions to which the diamond is sub-
jected during its ascent.

The discovery of ringwoodite not only provides
direct proof of the presence of water in the transition
zone, but also provides crucial constraints on the ascent
rate of diamond from a depth of at least 525 km to the
Earth’s surface. The occurrence of ringwoodite found by
Pearson et al. (2014) represents a real natural quench
from very high temperature and pressure. However, at
the moment there are no reliable kinetic data to deter-
mine the minimum time to preserve ringwoodite from
the back-transformation to olivine in the upper mantle.
It is not unreasonable that the diamond studied by
Pearson et al. (2014) reached the Earth’s surface from
the transition zone in about 4–5 hours.

The water reservoirs in Earth

To estimate the total amount of water in the Earth, it is
necessary to first understand the actual reservoirs of
different Earth’s shells and in detail the reservoirs of
biosphere (including atmosphere), crust, upper mantle,
transition zone, lower mantle, and core of our planet.

Recent estimates of interior reservoirs relative to the
surface suggest a surface amount of about 0.024% of
total mass, and just slightly more, 0.027%, for the
mantle, for a total estimate of about 0.05% H2O over
the whole planet (Bodnar et al. 2013). (This would be a
total mass of 3.04 × 1024 g H2O out of the entire mass
of the Earth, which is 5.97 × 1027 g, based on an
average Earth density of 5.513 g cm–3 and a radius of
6371 km.) This is quite small compared with the
amount estimated in carbonaceous chondritic meteor-
ites of about 10% (Kerridge 1985 and references
therein), and with comets, which should contain up

to 50% H2O (Delsemme 1988; but we are still waiting
for the results from ESA’s Rosetta mission landed on
November 2014 to confirm this).

As proposed by Marty and Yokochi (2006), the low
water content of our planet would not be due to loss to
space during the Earth’s formation because the water’s
isotopic composition indicates that the Earth always
had a low amount of water. Again, they state that
strong differences in the water content in planetary
bodies could simply be attributed to the different
water-supplying bodies and/or to the radial distance
from the Sun (Boss 1998). Such explanations may well
be reasonable, but we should not exclude the possibi-
lity that water in our planet has been severely under-
estimated, with large amounts of water still trapped in
the very deep regions of the Earth.

Marty and Yokochi (2006) reviewed the various esti-
mates of water contents in the Earth. Whereas there is
general agreement on the mass of surface water with an
average value of 1.5 × 1024 g (corresponding to a con-
centration of 250 ppm H2O on the bulk Earth), the
actual amount of water in the mantle is still a subject
of vigorous debate. Saal et al. (2002) proposed a bulk
amount of 145 ppm of H2O (or, in mass, 1.316 × 1023 g)
for the mantle. Based on Saal et al. (2002), summing the
surface and mantle water, the Earth should contain a
total of about 1.63 × 1024 g H2O, which would corre-
spond to a concentration of about 273 ppm.

However, different estimates of Earth’s bulk water
content have been proposed in the literature: Jambon
and Zimmermann (1990) proposed 1300 ppm
(7.8 × 1024 g) based on Huang et al. (2005), who pro-
posed water content in the transition zone between
1000 and 2000 ppm (2.14 × 1023 g); the water content
of the mantle would increase by 13% with respect to
the Saal et al. (2002) estimates and by about 25% with
respect to the estimates of Jambon and Zimmermann
(1990).

Further work on NAMs proposes 450 ppm (2.7 × 1024 g
H2O) for the bulk Earth (Bell and Rossman 1992). A similar
amount of water was estimated by Keppler and Bolfan-
Casanova (2006). However, the most recent estimate per-
formed by Bodnar et al. (2013) considers an average of
2000 ppm H2O in the transition zone and 100 ppm in the
lower mantle. Based on these assumptions, Bodnar et al.
(2013) report a total amount of 3.04 × 1024 g of water in
the Earth.

It must be noted that prior water estimates in the
transition zone and lower mantle were based solely on
experimental data and/or reasonable geochemical
assumptions. Only after the discovery of Pearson et al.
(2014) was it possible to demonstrate the actual pre-
sence of water in the Earth’s transition zone. Therefore,
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any attempt at calculating the Earth’s bulk water con-
tent should take into account such a discovery, which
predicts for the transition zone an amount of about
10,000 ppm H2O. At the same time, such discovery
clearly indicates that any attempts to calculate the
total amount of water in the Earth cannot ignore the
role of diamonds, which provide the only real proof of
water in the very deep Earth. It is evident that there is
no general agreement on mantle bulk water content,
and uncertainty of water concentration in the transition
zone is a major part of this. It is even more remarkable
that the most recent estimates by Bodnar et al. (2013)
report that, in percentage, the transition zone would
contain about 26% of the entire water storage of the
Earth and then, together with the amount of water
stored in the oceans (i.e. 45%), the transition zone
water reservoir may play a crucial role in the global
Earth’s water cycle. However, we should not neglect at
all the role that could be played by water in the lower
mantle and core. Indeed, even if water in the lower
mantle and core could be present in very low amounts,
the huge mass of these two Earth’s shells would contain
a very large amount of water.

Water in the various shells of Earth’s interior

In the following section, we revise the estimates of
water concentrations in the Earth considering the reser-
voirs of different geological environments from the bio-
sphere (and atmosphere) to the lower mantle and core,
considering the possible change in the total reservoir of
the Earth based on the ringwoodite discovered in the
super-deep diamond from Brazil.

The lower mantle and the core require special atten-
tion because for these very large regions, various
authors propose very different water contents. As yet,
there is no general agreement on H solubility in the
nominally anhydrous phases of the lower mantle, which
constitutes roughly half the mass of the entire planet.
However, here we will try to include any possible
amount of water in the lower mantle and core based
on the literature.

Water in the Earth’s biosphere

There is a general agreement of the amount of water in
the Earth’s biosphere. Gleick (1996) took into account the
amounts of water from oceans, seas, bays, ice caps,
glaciers, permanent snow, groundwater (fresh and sal-
ine), soil moisture, ground ice and permafrost, lakes
(fresh and saline), atmosphere, swamp water, rivers, and
biological water. The total amount of water in all such
environments was estimated to be 1.386 × 1024 g, in

general agreement with Berner and Berner (1996), who
estimate a total amount of water of 1.409 × 1024 g.
However, more recently, Berner and Berner (2012) esti-
mate a total amount of 1.444 × 1024 g, a difference of
about 4% with respect to the estimates of Gleick (1996).
For all estimates about 97% of such water is stored as
seawater (1.401 × 1024 g) in the oceans, whereas the
remaining 3% is stored either on the continents or in
the atmosphere. The most recent estimate of water reser-
voir for biosphere and atmosphere is that of Bodnar et al.
(2013): in this work, the authors propose a value of
1.414 × 1024 g. We will use such last estimated value as
reliable, as differences are small relative to estimates of
interior reservoirs.

Water in the Earth’s crust

Continental crust
Water content estimates for the Earth’s continental crust
are much more complex due to the strong heterogene-
ity of this shell of our planet. Wedepohl (1995) carried
out a 3000 km-long refraction seismic profile through
Western Europe using for upper crust–felsic lower
crust–mafic lower crust a proportion of 1–0.6–0.4.
Based on this seismic profile, Wedepohl (1995) pro-
posed for the continental crust a bulk water content
of 2% of the total mass. To convert such a percentage,
we use an average thickness of continental crust of
40 km (e.g. Rudnick and Gao 2003) and consider that
it covers about 40% of the planet’s surface. The Earth’s
surface is about 509,806,000 km2 (using an average
radius of 6371 km); therefore, the continents cover
about 203,922,400 km2. The volume of the continental
crust could then be approximately 8,156,900,000 km3

and based on a reasonable granitic density of
2.67 g cm–3 the continental crust mass could be esti-
mated at 2.178 × 1025 g (the mass estimated by Bodnar
et al. 2013 is very close to this value of 2.09 × 1025 g).
Thus, the water in this shell is estimated at about
4.36 × 1023 g. However, if we use the estimate by
Burnham (1997), which assumes a mass percentage of
H2O equal to 1.3%, then the total amount in the con-
tinental crust would be about 2.8 × 1023 g (as also
proposed by Bodnar et al. 2013). It is reasonable then
that the best value would be an average of these two
values, giving the water content in the continental crust
equal to 3.58 × 1023 g.

Oceanic crust
To calculate the water of the oceanic crust, we used the
simplest possible approach assuming an average thick-
ness of about 7 km (Staudigel 2003), an areal extension
of oceanic crust equal to 60% of the total surface
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(Bodnar et al. 2013), an average density of about
2.96 g cm–3 (Watts 1978; Molnar and Atwater 1978;
Pennington 1984; Carlson and Raskin 1984), and calcu-
late a surface of 305,883,600 km2. With this approach
we calculate a total volume for the oceanic crust of
2.14 × 109 km3 and thus a mass of 6.34 × 1024 g.
Assuming a value of water concentration (Alt 2004;
such assumption was based on sampling by the Ocean
Drilling Program, which provided many sections of the
uppermost few hundred metres of the ocean crust, see
Figure 15.12 by Alt 2004) equal to about 1.5%, the total
mass of water of the oceanic crust would be
9.51 × 1022 g. However, as pointed out by Bodnar
et al. (2013), the real content of the oceanic crust must
take into account pore water (Staudigel 2003). Johnson
and Pruis (2003) estimated such pore water in the
oceanic crust being about 2.60 × 1022 g (as also
reported by Bodnar et al. 2013). Summing the two
estimates by Alt (2004), 1.5%, and the Johnson and
Pruis (2003) on the pore water, we obtain for the ocea-
nic crust a total water mass of 1.21 × 1023 g. This value
is not that far from the estimate by Bodnar et al. (2013),
who propose 1.38 × 1023 g.

Water in the Earth’s mantle

Water in the Earth’s upper mantle
For the upper mantle, Bodnar et al. (2013) provide a
good review of the possible amounts of water and
finally estimate a total amount of 1.2 × 1023 g. The
estimate is only partially based on natural sample mea-
surements, and most of the data are retrieved from
laboratory experiments and various types of calcula-
tions. The main problem in calculating water in the
upper mantle is to combine the maximum solubility
(storage capacity) of the upper mantle phases obtained
in laboratory with water measurements on natural sam-
ples. As remarked by Bodnar et al. (2013) based on the
maximum solubility of upper mantle phases obtained in

laboratory (see Bolfan-Casanova 2005), they calculate an
amount of water = 1.2 × 1024 g, which is an order of
magnitude larger than that estimated by the same
authors for the upper mantle. However, studies of nat-
ural samples (i.e. xenoliths) report an average value of
90–150 ppm of H2O for the upper mantle phases (Mottl
et al. 2007; Peslier et al. 2010); however, Keppler and
Bolfan-Casanova (2006) report an average of 250 ppm
H2O for the upper mantle. Bodnar et al. (2013) estimate
an average concentration of 200 ppm, which results in a
total amount of water in the upper mantle of
1.2 × 1023 g. We used this value in Table 2 of this
work as a best estimate.

Water in the Earth’s transition zone
This section may include the most significant result of
this work. Indeed, in this section, the amount of water
stored in the transition zone will be revised based on the
discovery of Pearson et al. (2014). This ringwoodite
showed a very large amount of water equal to 1.4% by
weight H2O. This discovery requires revision of the actual
amount of water stored in the transition zone. The max-
imum solubility of water in ringwoodite, as obtained by
laboratory experiments, is reported to be between 2.5%
and 3% (i.e. 25,000–30,000 ppm; Kohlstedt et al. 1996; Ye
et al. 2012). Duffy and Anderson (1989) pointed out that
the seismic velocities of the anhydrous phases believed
to be stable in this region were too fast to fit whole-Earth
velocity models for this region. However, the major
phases can incorporate sufficient hydroxyl to reduce
both P and S velocities to be consistent with
Preliminary Reference Earth Model (Dziewonski and
Anderson 1981) or other seismic velocity models of the
Earth. So the velocity structure of this region is consistent
with significant hydration.

The review by Bodnar et al. (2013) reports for the
transition zone a total amount of H2O equal to
7.9 × 1023 g, based on a water concentration of
2000 ppm. Such water concentration represents

Table 2. Earth’s water distribution based on hydrous ringwoodite and hydrous wadsleyite and only on hydrous ringwoodite (see the
text for different literature data used in this work for the water distribution calculation of continental and oceanic crusts, transition
zone, and lower mantle).

This work (‘HTZ’ model) This work (‘HR’ model) Bodnar et al. (2013) model

Mass (g) % Mass (g) % Mass (g) %
1Biosphere 1.41 × 1024 11.61 1.41 × 1024 13.34 1.41 × 1024 46.5
Continental crust 3.58 × 1023 2.95 3.58 × 1023 3.39 2.80 × 1023 9.2
Oceanic crust 1.21 × 1023 1 1.21 × 1023 1.15 1.38 × 1023 4.5
1Upper mantle 1.20 × 1023 0.99 1.20 × 1023 1.14 1.20 × 1023 3.9
Transition zone 3.46 × 1024 28.49 1.88 × 1024 17.8 7.9 × 1023 26
Lower mantle 6.10 × 1024 50.23 6.10 × 1024 57.74 3.00 × 1023 9.9
2Core 5.75 × 1023 4.73 5.75 × 1023 5.44 −
Total 12.10 × 1024 100 10.06 × 1024 100 3.04 × 1024 100

Notes: 1Data from Bodnar et al. (2013). 2This value is the average of what is estimated in the text.
Bodnar et al. (2013) do not include water in the core in their model.
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therefore only 1/15th of the maximum solubility of
ringwoodite. We must also consider that, in addition
to ringwoodite, the transition zone is composed of
wadsleyite and majoritic garnet, with a proportion,
based on laboratory experiments, of majoritic garnets
41.1%, ringwoodite 33.5%, wadsleyite 23.1%, and some
diopside (about 0.8%) and CaSiO3 (about 1.5%, with
perovskite-type or walstromite-type structure) (Frost
2008). Wadsleyite can incorporate more water than
ringwoodite, with maximum H2O solubility reaching
3.3% (i.e. 33,000 ppm, Smyth 1994), whereas majoritic
garnet can only reach a value of 0.07–0.075% H2O
(Bolfan-Casanova et al. 2000; Thomas et al. 2015).
However, it is well known that the water solubility of
these phases decreases with increasing temperature
and pressure (Ohtani et al. 2000; Demouchy et al.
2005; Litasov and Ohtani 2007), but increases with
increasing iron content (Kawamoto et al. 1996).
Bodnar et al. (2013), using the maximum water solubi-
lity of the transition zone phases, calculated a storage
capacity of about 8 × 1024 g (20,000 ppm H2O), which
is one order of magnitude larger than the water con-
tent reported finally in their Table 2 for the transition
zone. These authors deeply revised the literature data,
which reported strongly different values of possible
water storage in the transition zone (Inoue et al.
1995; Williams and Hemley 2001; Jacobsen et al.
2005; Huang et al. 2005; Jacobsen and Van Der Lee
2006; Smyth 2006; Bolfan-Casanova et al. 2006; Litasov
and Ohtani 2007; Mottl et al. 2007). Based on their
estimates and on a stronger lower value of water
saturation, Bodnar et al. (2013) evaluated as reliable
water content a concentration of 2000 ppm, resulting
in 7.9 × 1023 g H2O, or about 60% of the total mass of
oceans (see Table 2).

The discovery by Pearson et al. (2014) may comple-
tely change the estimates of the total water content of
the transition zone. These authors found a very hydrous
ringwoodite still trapped in a super-deep diamond from
Brazil showing a water concentration of about 1.4% wt.
H2O (i.e. 14,000 ppm) – a value much higher than that
estimated by any model or assumption in the literature
thus far, but still representing only about 50% of its
maximum water solubility. If this percentage of max-
imum water solubility were applied to wadsleyite and
majoritic garnet as well, then we may assume a similar
amount of water incorporated in wadsleyite (1.5–1.6%
H2O) and about 0.035% H2O in majoritic garnet.
Considering the mineralogical composition of the tran-
sition zone proposed by Frost (2008), we also include
diopside (CaMgSi2O6) and CaSiO3 perovskite to calculate
the total water content. However, based on the above-
mentioned percentages, their possible water content is

negligible, being below the uncertainty level in the
calculation.

An estimate of water content in the transition zone
based on the above-assumed H2O concentrations
would come to about 8640 ppm, resulting in
3.46 × 1024 g H2O, which corresponds to about 4.5
times the water estimated in the transition zone by
the latest estimates (Bodnar et al. 2013). In terms of
ocean water proportions, the transition zone would
therefore contain an amount equal to about 2.5 times
of all the Earth’s oceans.

Keppler (2014) noted that the high water contents of
the transition zone implied by the discovery of Pearson
et al. (2014) might only be a localized phenomenon.
However, very recent results performed on the transi-
tion of hydrous ringwoodite to bridgmanite and (Mg,Fe)
O (transition occurring at about 660 km depth) produce
intergranular melt, and this would be consistent with
hydration of a large region of the transition zone
(Schmandt et al. 2014). In addition, we should not
neglect previous works proposing a possible ‘transi-
tion-zone water filter’ model, which would well match
with a significantly hydrous transition zone (i.e.
Bercovici and Karato 2003). Although we do not yet
have definitive proof that the entire transition zone is
hydrous, there is no doubt that future models of this
region of the Earth must take into consideration a
hydrous transition zone.

At the end of the above section on ringwoodite, we
propose in Table 2 a revised version of the total water
content providing a ‘hydrous transition zone’ (HTZ)
model and a ‘hydrous ringwoodite’ (HR) model. In
detail, these two models are different by the water
content in the transition zone: the HTZ model also
considers hydrous wadsleyite with 50% of its maximum
water solubility, whereas the HR model only considers
the discovery by Pearson et al. (2014), assuming water
only in the lower part of the transition zone between
525 and 660 km depth. Finally, we compared these two
models, which also include the possible amount of
water in the lower mantle and core (see the below
section), with the most recent estimate of Earth’s total
water by Bodnar et al. (2013).

Water in the Earth’s lower mantle and core
There is no general agreement on H solubility in the
nominally anhydrous phases of the lower mantle, which
constitutes roughly half the mass of the entire planet.
The major mineralogy of this region is thought to be
bridgmanite (perovskite-type MgSiO3) plus smaller
amounts of ferro-periclase and perovskite-type CaSiO3.
Unlike the transition zone, the velocity structure of this
region is consistent with elastic property measurements
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of the anhydrous mineral phases, and these phases do
not appear to be able to accommodate much hydrogen
(Sinogeikin et al. 2004). Murakami et al. (2002) report up
to 2000 ppmw H2O in (Mg,Fe)SiO3 bridgmanite synthe-
sized at 25.5 GPa and 1600ºC in an Al-bearing peridotite
composition. Litasov et al. (2003) observed only about
100 ppm in pure MgSiO3 bridgmanite, but 1400–1800
ppmw H2O in Al- and Fe-bearing bridgmanites in a
hydrous peridotite system. None of the FTIR or Raman
spectra of silicate bridgmanites in pure MgSiO3 or
MgSiO3–Al2O3 systems show sharp absorption bands,
so there has been some disagreement as to whether
these features represent structurally bound hydroxyl
(Litasov et al. 2003; Bolfan-Casanova et al. 2003).
Bridgmanite samples synthesized in chemically complex
systems show a consistent but broad OH absorption
feature at about 3397 cm−1, but variable other features.
It appears that while H2O solubility in pure Mg bridg-
manite is likely negligible (<40 ppmw H2O), bridgma-
nites crystallized from more chemically complex
systems may incorporate significant amounts of water,
but in reports of higher water contents, the possibility
of hydrous inclusions within the bridgmanite in these
samples cannot be ruled out. Bodnar et al. (2013) review
previous laboratory studies to obtain possible storage
capacity of lower mantle phases such as bridgmanite
(MgSiO3 perovskite; water content from sub-ppm to
about 40 ppm), ferropericlase (about 2000 ppm), and
CaSiO3 perovskite (a non-quenchable phase; therefore
the data on water on this phase was not considered).
Al-bearing stishovite is also a possible hydrous phase,
but would likely be restricted to mafic, rather than
ultramafic, compositions.

It is likely, then, that minor amounts of nominally
hydrous phases may incorporate the majority of H in
this region of the mantle. Because these phases can be
extremely hydrous (>150,000 ppmw H2O), one modal
percentage of these phases can incorporate over 1500
ppmw H2O in the region and constitute a significant
fraction of the total water in the planet. Nominally
hydrous phases stable at lower mantle conditions
include superhydrous phase B, phase Egg [(AlSiO3

(OH)], phase D [(Mg,Al)(Al,Si)2O6H2-3], δ-AlOOH, and
phase H [MgSiO2(OH)2]. Of these, phase D may be stable
up to 1500 km depth (Frost and Fei 1999), and the latter
two, which have related crystal structures and may form
extensive crystal solution (Bindi et al. 2014), appear to
be stable up to the deepest portions of the lower
mantle (Sano et al. 2008; Ohira et al. 2014).

Wirth et al. (2007) report the first occurrence of a
tetragonal form of the phase Egg as an inclusion in a
super-deep diamond from the same locality where the
diamond containing ringwoodite was found (Pearson

et al. 2015). Phase Egg is known to be stable at lower
mantle conditions (Ono 1999; Ohtani 2005). Pamato
et al. (2015) published the stability field of the Al-rich
phase D (an analogue material for dense, hydrous mag-
nesium silicate phase D in Earth’s mantle), demonstrat-
ing that this phase is stable at temperatures extending
to over 2000°C at 26 GPa. Pamato et al. (2015) show that
phase Egg and their Al-rich phase D can coexist (at 26
GPa and 1900 K) at least in the uppermost part of the
lower mantle. So it appears that phase Egg and alumi-
nous phase D may be significant hosts for H in the
upper part of the lower mantle while δ-AlOOH and
phase H solid solution may be hosts in the lower
regions of the lower mantle. Two modal percentages
of these phases would not affect the overall density or
P and S velocities in the lower mantle, and hence it is
difficult to restrict water contents of the region to below
2000 ppmw, which would equal to about 6.1 × 1024 g.
For hydrous melting to occur as subducting slabs des-
cended below 660 km (Schmandt et al. 2014), bulk
water contents would have to exceed this amount,
which is consistent with our estimates of H contents in
the transition zone (Table 2). If whole-mantle convec-
tion carries hydrated material from the transition zone
into the lower mantle, water contents of the lower
mantle would be highly dependent on the efficiency
of this process to dehydrate the descending slab and
return water and perhaps other incompatible elements
to the transition zone.

Hydrogen is highly soluble in both solid and liquid
iron metals at the moderate to high pressures of the
interior, and has been considered as a candidate for the
light element in the core by many authors, notably
Stevenson (1977, 1981), Fukai (1992), and Yagi and
Hishinuma (1995). A silicate magma ocean that con-
tained significant H2O would necessarily fractionate a
significant amount of its hydrogen into the separating
metal of the core. Rubie et al. (2015) estimate H con-
tents of the core to be between 9 and 58 ppmw (500–
3200 ppm atomic) based on accretion models. If oxygen
was also present, this would be 80–500 ppmw H2O. If
this amount was present throughout both the inner and
outer cores, it would be equivalent to between 1.5 and
10 × 1023 g or about 70% of one surface ocean mass.

Water in the Earth: a summary

In this work we have reviewed and revised the recent
estimates of total water in the Earth. However, it is clear
that the main changes with respect to previous esti-
mates are based on the hydrous ringwoodite discov-
ered in a super-deep diamond from Brazil (Pearson et al.
2014) and estimates of water in the Earth’s core by
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Rubie et al. (2015). Together with the estimates of water
in the lower mantle and core, if the water measured in
the Brazilian ringwoodite found in diamond is not just a
localized water enrichment, then this discovery would
open vast new possibilities for the role of water in the
geological evolution of our planet. If the water found in
ringwoodite is representative of this region of the man-
tle, it would constitute about 2.5 times the total water of
all oceans around the world and this could have a strong
impact on global Earth’s water cycle. In Figure 6 we show
an approximate distribution of water in the Earth and,
more than single numbers reported in Table 2, it is
evident that the Earth has practically two large water
reservoirs, the lower mantle and core and the transition
zone, whereas the surface water and crust and the upper
mantle contain much lower amounts of water.

Table 2 compares the results of our review with the
most recent estimates by Bodnar et al. (2013). The first
important result is the difference between the two
models, namely the HTZ and HR models. This is due to
a very different water content predicted in the transi-
tion zone considering that in the HTZ model both ring-
woodite and wadsleyite show 50% of their maximum
water solubility as suggested by Pearson et al. (2014),
whereas in the HR model wadsleyite is considered
totally anhydrous. This last assumption is, in our opi-
nion, totally unrealistic, as we well know that wadsleyite
can host more water than ringwoodite, and there is no
apparent reason why wadsleyite in the transition zone

Figure 6. An approximate representation of the water distribu-
tion in the Earth. A simple jug is used showing with different
colours the Earth’s different shells. Such a simple representation
clearly indicates that the transition zone and the surface water
are the main water reservoirs of our planet (Figure 6 is based
on the data reported in Table 2).

Figure 7. A representation of the famous novel by Jules Verne ‘Journey to the Center of the Earth’ of 1864 (handmade by Tatiana
Mantovani).
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should be anhydrous. However, since no wadsleyite
from transition zone has been found to date, we believe
that we must take into account also the HR model in
Table 2.

It must be noted that even using the data in the HR
model the amount of water in the transition zone is
considerably larger than in previous estimates. In con-
clusion, we estimate that the amount of water deep
inside our planet has been significantly underestimated
in previous studies. In light of this, Jules Verne, in his
famous novel ‘Journey to the Centre of the Earth’ dated
1864, might have been correct . . . with the only differ-
ence that Verne hypothesized ‘liquid water’ (Figure 7)
against a less-romantic OH group distributed inside the
structure of a strange mineral that geologists years later
would have called ‘ringwoodite’.
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