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Abstract The seismology is the most effective method to explore the structure
of subduction zones to great depth. The distinguishing feature of the mantle in the
subduction regions is the presence of hydrated phases, which transport water into
the Earth’s interior and release it with dramatic local consequences, triggering earthquakes and melting. The seismological detection of these hydrous phases and geodynamic interpretation of flow in the hydrous mantle depend on knowledge of the
anisotropic elastic properties and the characteristics of the wave propagation in anisotropic media. In this paper we briefly recall the distinguishing features of anisotropic
wave propagation and the observable parameters. We suggest the Vp/Vs ratio is a
physically sound parameter than can be observed by seismology in anisotropic
regions of the Earth, whereas the Poisson’s ratio, which is often quoted, is not directly
observable and does not correspond to the characteristics of wave propagation in an
anisotropic or isotropic medium. We report for the first time the ratios of Vp/Vs1 and
Vp/Vs2, where Vs1 is the fastest and Vs2 slowest S-wave velocities of an anisotropic
media. We present the current knowledge of the anisotropic seismic properties of
hydrous minerals in the upper mantle, transition zone, and lower mantle that are
stable along low temperature geotherms associated with subduction, and identify
which minerals are likely to influence seismological observations because they have
very high volume fractions, or very high anisotropies, or both of these.
In the upper mantle antigorite and talc are exceptionally anisotropic (Vp 71%,
Vs 68% and Vp 65%, Vs 68%, respectively) and chlorite is also very anisotropic
for S-waves (Vp 35%, Vs 76%). Comparatively less anisotropic are hornblende
(Vp 27%, Vs 31%), used as proxy for tremolite in subduction zones, and clinohumite
(21.8%, Vs 15.9%). Brucite at 4 GPa (Vp 26.5%, Vs 30.9%) and the dense hydrogen
magnesium silicate (DHMS) phase A at 9 GPa (Vp 9.3%, Vs 17.6%) are the only
hydrous minerals stable in the upper mantle that have had their elastic properties
measured at in situ mantle pressures. Except for the phase A, all these minerals are
more anisotropic than olivine for at least one parameter (Vp, Vs, Vp/Vs1, or Vp/
Vs2). In the transition zone the major phases hydrous wadsleyite and ringwoodite
have moderate to weak anisotropies (Vp 16.3%, Vs 16.5%, and Vp 1.9%, Vs 4.4%,
respectively). The DHMS Superhydrous B has a moderate anisotropy (Vp 6.9%,
Vs 11.6%). At greater depth the DHMS phase D at 24 GPa (Vp 10.8%, Vs 18.0%)
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is the only hydrous phase that can transport hydrogen from the transition zone into
the lower mantle. The phase D is more anisotropic for S than P waves like many of
the hydrous phases. From these data it is clear that hydrous phases are in general very
anisotropic. However, pressure can play a strong role in reducing anisotropy. It is the
case for brucite and talc, in which increasing pressure from ambient to 4 GPa reduces
the anisotropy by about 50% for both P and S waves. In contrast, the anisotropy of the
DHMS phase A does not change significantly with pressure.
Our picture of the seismic anisotropy of hydrated minerals remains incomplete;
the elastic properties of many have not been measured even at ambient conditions
(e.g., 10 Å phase and phase E) or not measured in their true elastic symmetry
(e.g., clinochlore). The majority of hydrous minerals have not been measured at high
pressure, and none related to hydrated mantle have been measured at elevated temperature. We have shown in the few cases where hydrous minerals have been measured as a function of pressure, that this variable has an important effect on the
velocity distribution and in most cases reduces the degree of anisotropy, hence
we would expect seismic anisotropy to play a key role in the determination of the
shallow structure of subduction zones in the upper mantle.
Keywords Seismic anisotropy · Elastic properties · Hydrous minerals · Subduction
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Introduction

Subduction zones are regions of extensive recycling of
hydrated materials (sediments, hydrated oceanic crust
and upper mantle) that are transformed by metamorphic processes into a series of high-pressure mineral at
great depths. Many of the minerals postulated to exist
at great depth in subduction zones have only been discovered in the laboratory at extreme conditions of
pressure and temperature, with no natural occurrences
having been reported. On the other hand minerals postulated to exist on the subduction plane (metamorphosed sediments and oceanic crust) and the hydrated
forearc mantle (hydrated peridotites) are exposed on
the Earth’s surface by the slow rise of forearc serpentine seamounts, the relatively rapid exhumation processes of high pressure metamorphic rocks or the even
more dynamic ascent of volcanic xenoliths. One group
of minerals that are expected to be volumetrically
important components of the hydrated mantle, which
is taking part in the recycling of hydrogen at depth, are
the hydrated minerals, although the contribution of
anhydrous silicates is now also known to be significant
(Smyth and Jacobsen, 2006; Hirschmann, 2006).
Knowledge of the seismic properties of minerals at
depth is obviously essential for the interpretation of

seismic data in terms of petrology and the anisotropic
seismic properties are vital for deduction of flow
patterns in the mantle. Knowledge of the seismic properties of hydrated phases and nominally anhydrous
phases containing hydrogen allows the exploration of
degree of hydration of the mantle, which is clearly a
dynamic process in subduction zones with implications for seismogenesis (e.g., Seno et al., 2001; Hacker
et al., 2003b; Jung et al., 2004), magma generation
(e.g., Ulmer and Trommsdorff, 1995) and metamorphic transformations (e.g., Hacker et al., 2003a).
In this paper we will investigate the anisotropic elastic
properties of hydrated phases and nominally anhydrous phases containing hydrogen and the implications
for seismic properties.
Seismology measures the bulk elastic properties
of the Earth, with contributions from anelastic and
viscoelastic properties. The bulk elastic properties are
controlled to first order by the volumetrically dominant elements and hence in this study of seismic properties of subducted rocks it is natural to consider first
minerals that have volume fractions of more than 10%.
For seismic anisotropy the same reasoning holds, but if
a mineral is exceptionally anisotropic, the classical
example is layered silicates (e.g., biotite) in crustal
rocks, then even volume factions of less than 10% can
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have an important effect on the rock properties. The
degree of crystallographic preferred orientation also
has a major influence on the contribution of anisotropic mineral to overall properties of a rock. In the case
of mica minerals they have very strong shape and
mechanical anisotropy, and hence they tend to be
strongly oriented in almost all rock types from undeformed sediments to highly deformed metamorphic
rocks. In the context of the strong localised flow field
in subduction zones, it is highly likely that most rocks
are plastically deformed to some degree and the minerals have crystallographic preferred orientation (CPO).
From a mineral physics point of view the input to a
subduction zone can be separated into minerals of the

Fig. 1 Schematic cross-section of a subduction
system with the double Benioff zones and
their associated mineralogy in cold and warm
suduction, simplified after the scenarios of
Fumagalli and Poli (2005) and Poli and Schmidt
(2002). The Vp seismic velocities are from
Nakajima et al. (2001) in NE Japan, considered
to be a cold subduction. The arrow in the Mantle
Wedge represents the corner flow direction
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thin veneer of sediments, hydrated oceanic crust, and
upper mantle. The temperature of the subducting plate,
controlled essentially by its age and subduction rate,
mediate the metamorphic processes that produce
a sequence of transformations of hydrous minerals
(e.g., Arcay et al., 2005; Fumagalli and Poli, 2005).
Theses minerals subsequently release fluids as the
temperature of the slab rises, that hydrate the surrounding mantle and trigger flux melting (e.g., Ulmer and
Trommsdorff, 1995) (Fig. 1), and rising melt reduces
seismic velocities (e.g., Vp −6%) in the mantle wedge
(Nakajima et al., 2001). The process of a series of
linked transformations of hydrous phases with overlapping stability fields of decreasing water content
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with depth can continue to depths of the transition
zone and the lower mantle (e.g., Kawamoto et al.,
1996). When slab temperatures are sufficiently low
(e.g., N.E. Japan), when old plates are subducted, antigorite is stable over a significant depth range in the
slab (Fig. 1), and its breakdown will trigger earthquakes in the form of a double Benioff zone (e.g.,
Fumagalli and Poli, 2005; Brudzinski et al., 2007).
At greater depth the dense hydrous magnesium silicate
(DHMS) called the phase D could be preserved to
1,200-km depth, being then the only hydrated phase
capable of recycling hydrogen into the lower mantle
(Fig. 2). Alternatively, in warmer subduction zones
the hydrous phases may be completely de-hydrated at
some critical depth, called a choke point (Kawamoto
et al., 1996), resulting in the breaking of the chain of
hydrous phases with depth and the failure to transfer
hydrogen to greater depth. Fumagalli and Poli (2005)
suggest this could happen at 200-km depth if the overlap in stability fields between the 10 Å and phase A is
not maintained by low temperature and water saturation. In this case it is rather the breakdown of clinochlore
with a higher temperature stability that causes the
double Benioff zone. Hence the presence of hydrous
phases in the deeper part of the subduction zone will
depend on the past temperature of the slab at shallower
depths necessary to maintain the hydrous chain, and
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Fig. 2 Pressure-Temperature diagram with the main hydrous
and anhydrous phases in subduction zones. The stability fields
of hydrous phases reported by Schmidt and Poli (1998) and
Fumagalli and Poli (2005) for the low-pressure region, and those
of Iwamori (2004) and Ohtani et al. (2004) for high-pressures.
Geotherms for low and high temperature slabs, and the mantle
are taken from Peacock (1990)

of course its current temperature for the phase stability
of any given hydrous mineral.
Estimates of the petrology of subducted material have been made based on rocks exposed at the
surface, samples dredged from the ocean floor
(e.g., Michibayashi et al., 2007) and xenoliths (e.g.,
Michibayashi et al., 2006), thermodynamical calculations (e.g., Hacker et al., 2003a; Bousquet et al., 2005,
1997) and laboratory experiments (e.g., Ohtani et al.,
2004; Iwamori, 2004; Fumagalli and Poli, 2005).
In general some combination of all three approaches is
effectively incorporated in these studies to different
degrees, resulting is some variations in the volume
fractions reported by different authors. For the Earth’s
mantle we have illustrated the positions of the main
anhydrous and hydrous phases in pressure-temperature
space together with the mantle and subduction zone
geotherms in Fig. 2 using the stability fields of hydrous
phases reported by Schmidt and Poli (1998) and
Fumagalli and Poli (2005) for the low pressure region,
and those of Iwamori (2004) and Ohtani et al. (2004)
for high pressures.
The hydrous phases can be divided into 3 main
groups with increasing depth;
1. Low pressure (P < 5 GPa) minerals, such as antigorite (13.0 wt% H2O), clinochlore (13 wt% H2O), talc
(4.8 wt% H2O), Ca-amphibole tremolite or pargasite (2.3 wt% H2O) are commonly observed in
exposed metamorphic rocks.
2. Moderate pressure (5–7 GPa) minerals, such as
phlogopite (4.8 wt% H2O), 10Å phase (10–13 wt%
H2O), clinohumite (2.8 wt% H2O) in hydrated
peridotites, lawsonite (11.5 wt% H2O) and zoisite
(2.0 wt% H2O) in hydrated metamorphosed basalts
and potassium rich phengite (4.6 wt%H2O) in metamorphosed sediments.
3. High pressure (>7 GPa) minerals such as the
k-amphibole richterite (2.1 wt% H2O), topaz-OH
(10.0 wt% H2O), phase Egg (11–18 wt% H2O) and
the DHMS or alphabet phases, phase A (12 wt%
H2O), phase B (3 wt% H2O), phase superhydrous
B (2 wt% H2O), phase D (10 wt% H2O), and phase
E (11 wt% H2O), most of which have never observed
at the Earth’s surface.
The general trend there will be a decrease in the water
content in the hydrated slab with depth as the hot
surrounding mantle raises the slab temperature by
thermal conduction, causing the breakdown and reduction of the volume faction of hydrous minerals, and
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finally releasing water to the adjacent mantle. As a word
of caution it should be said that the heterogeneous water
distribution, which is an intrinsic feature of the subduction zone system, implies the presence or the absence of
hydrated minerals, as well as the occurrence of both
water saturated and water undersaturated conditions.
The stability of a hydrated mineral implies neither the
presence of free water phase nor water saturation (Poli
and Schmidt, 2002). The relatively low temperature in
subducted slabs favours the formation of hydrous minerals that contain large amounts of water as hydroxyl
groups (e.g., antigorite, chlorite, phases E and D), which
increases the likelihood of water under saturated assemblages. The appearance of a fluid is related to the thermodynamic definition of saturation and controlled by
assemblages buffering the chemical potential of water
(e.g., Bolfan-Casanova, 2005); the relationships between
the amount of water and the presence of free water are
not straightforward. Experiments are often conducted in
water-saturated conditions, with free water present (e.g.,
Fumagalli and Poli, 2005; Schmidt and Poli, 1998),
whereas studies of natural samples often infer water
undersaturated assemblages, particularly at very high
pressure (e.g., Chinner and Dixon, 1973).
In what follows we will develop tensor methods to
assess the contribution of these minerals to seismic
anisotropy and their potential for giving diagnostic
seismic signals to determine the degree of hydration in
the mantle.

2 The Relationship Between Elastic
and Seismic Anisotropy
There are two types of elastic waves, which propagate
in an isotropic homogeneous elastic medium, the faster
compressional (or longitudinal) wave with displacements parallel to propagation direction, and the slower

Fig. 3 Relation between
polarisation and propagation
directions of waves in isotropic
and anisotropic elastic media
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shear (or transverse) waves with displacements
perpendicular to the propagation direction. In anisotropic elastic media there are three types, one compressional and two shear waves with in general three
different velocities (Fig. 3). In order to understand the
displacements associated with different waves, and
their relationship to the propagation direction and elastic anisotropy, it is important to consider the equation
of propagation of a mechanical disturbance in an
anisotropic elastic medium. The solution of elastodynamical equation for the displacement of monochromatic plane wave is given by Christoffel equation as
det |Cijkl nj nl - rV 2 dik| = 0
where Cijkl is elastic stiffness fourth rank tensor, nj the
propagation unit vector, V are the three phase velocities, ρ is density, and δik is the Kronecker delta. We can
simplify this equation by introducing the Christoffel
(Kelvin-Christoffel or acoustic) tensor Tik = Cijkl nj nl
and three wave moduli M = ρV2. The Christoffel tensor
is symmetric because of the symmetry of the elastic
constants, and hence the eigenvalues of the 3 × 3
Christoffel tensor are three positive real values of the
wave moduli (M) corresponding to ρVp2, ρVs12, ρVs22
of the plane waves propagating in the direction n. The
three eigenvectors of the Christoffel tensor are the
polarization directions (also called vibration, particle
movement or displacement vectors) of the three waves.
As the Christoffel tensor is symmetric the three eigenvectors (and polarization) vectors are mutually perpendicular. In the most general case there are no particular
angular relationships between polarization directions
(pk) and the propagation direction (nj). However, typically the P-wave polarization direction is nearly parallel and the two S-waves polarizations are nearly
perpendicular to the propagation direction, and they
are termed quasi-P or quasi-S waves to distinguish
them from the P and S of isotropic media (see Fig. 2).
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In general, the three waves have polarizations that are
perpendicular to one another and propagate in the same
direction with different velocities, with Vp > Vs1 >
Vs2. Computer methods for calculation seismic wave
velocities in anisotropic are given by Mainprice
(1990).
In the case of subduction zones it has become standard practice to use the isotropic Vp/Vs ratio or
Poisson’s ratio to characterise the seismic response
related to hydrated minerals (e.g., serpentine group
minerals, Christensen, 1996, 2004), or the presence of
dehydration fluids (e.g., Ito, 1990; Kono et al., 2007),
or as yet undetermined minerals with low Vp/Vs (e.g.,
Rossi et al., 2006). Classically for an isotropic medium
there is only one Vp/Vs ratio as the velocity is the same
for all propagations directions and there is only one Vs
velocity. In seismology the Poisson’s ratio (ν) has been
calculated form the classical isotropic relationship
ν=

2
1 é (Vp /Vs ) - 2 ù
ê
ú
2 ëê (Vp /Vs )2 - 1 ûú

However, in anisotropic elastic media there are
three velocities (Vp, Vs1, Vs2) and hence two ratios
Vp/Vs1 and Vp/Vs2, and of course these ratios vary
with direction. The anisotropic Poisson’s ratio (νijkl)
varies with direction in a complex manner. Poisson’s
ratio is defined by the elastic strain in two orthogonal
directions, the longitudinal (or axial) direction (xi) and
transverse (or lateral) direction (yi). The lateral strain
is defined by -eijyiyj along y and the longitudinal strain
by eijxixj along x, where eij is the infinitesimal strain
tensor. The anisotropic Poisson’s ratio (nijkl) is given as
the ratio of lateral to longitudinal strain (Sirotin and
Shakolskaya, 1982) as
ν ijkl = -

ε ij y i y j
ε kl x k x l

=-

S ijkl x i x j y k y l
S mnop x m x n x o x p

where Sijkl is the elastic compliance fourth rank tensor
in 4 index notation. To compare nijkl to seismic wave
propagation we could choose the axial and transverse
strain directions to be parallel to the orthogonal P- and
S-wave polarization directions, respectively. However,
this analogy is clearly not exact, as the strains associated with seismic waves in an elastic medium require
shear strain components not present in the definition of
Poisson’s ratio. Hence, we can find no sound physical

reason for using Poisson’s ratio in the characteristic
seismic properties of anisotropic or even isotropic
media when the more direct observation of Vp/Vs
ratios for an isotropic medium and Vp/Vs1 plus Vp/
Vs2 for anisotropic medium have a clear physical
meaning.

3 Seismic Anisotropy of Hydrated
Phases
The anisotropic seismic properties of hydrous phases
shown in Fig. 2 are estimated to have volume fractions
well above 10% and we will use these to illustrate the
anisotropic behaviour of hydrous minerals in rocks of
peridotite composition in subduction zones.

3.1
3.1.1

Upper Mantle Phases
Above 180 km Depth: Low Temperature
Serpentine Minerals

First, we will consider the case of serpentine polymorphs, i.e., lizardite, chrysotile, and antigorite.
Although there is no direct information on the amount
of water in the peridotite layer of slabs, it should
contain water due to serpentinization or chloritization.
Serpentine is commonly observed on the ocean floor
near fracture zones, in particular at slow-spreading
ridges (e.g., Lagabrielle et al., 1998; Mével, 2003;
Ildefonse et al., 2007). Schmidt and Poli (1998) estimated that the upper 5 km of the peridotite layer suffers about 10% serpentinization; Ranero and Sallarès
(2004) estimated about 17% of serpentinization in the
upper 20 km of the peridotite layer of the Nazca plate
that is subducted at the North Chile trench. Lizardite is
volumetrically the most important serpentine mineral
in serpentinites, especially retrograde metamorphosed
(hydrated) peridotites. The low temperature serpentine minerals chrysotile and lizardite occur widely in
serpentinites, commonly together, and correspond to
inferred temperature conditions ranging from the
surface up to perhaps as high as 400°C (Evans, 2004).
The low temperature serpentine minerals are observed
to form by hydration on sea floor of abyssal peridotites at mid-ocean ridges under static conditions
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(e.g., Mével, 2003), and are particularly abundant
in the thick lithosphere of slow spreading ridges
(e.g., Cannat, 1993; Lagabrielle et al., 1998). Although
controversial, it appears that chrysotile is meta-stable
in the laboratory and eventually transforms to lizardite (e.g., Grauby et al., 1998; Evans, 2004). The presence of the low temperature serpentine minerals in the
hydrothermally altered oceanic crust and lithosphere
lowers the density and seismic velocities (e.g., Carlson
and Miller, 1997; Christensen, 2004).
In the subducted oceanic lithosphere the major
release of water in fluid-saturated systems is caused by
the breakdown of antigorite in cold slabs (Ulmer and
Trommsdorff, 1995), with an associated reduction in
P-wave velocity of 5.1% (Kono et al., 2007). Antigorite
is expected to be the serpentine mineral stable at relatively higher temperatures and much higher pressures
of the upper mantle (Evans et al., 1976), for example in
the forearc upper mantle (e.g., Kamiya and Kobayashi,
2000; Bostock et al., 2002; Brocher et al., 2003;
Hyndman and Peacock, 2003). In particular, the dehydration of antigorite has been associated with the
formation of double seismic zones (e.g., Peacock,
2001; Hacker et al., 2003b), which are know to be
global phenomena (Brudzinski et al., 2007). As pointed
out by Christensen (2004) and Watanabe et al. (2007),
much of the interpretation of wedge mantle seismic
velocities in terms of the volume fraction of serpentine
(e.g., Carlson and Miller, 2003) has been made by
incorrectly using an empirical relationship between
volume fraction of low temperature lizardite-chrysotile
serpentinites with Vp, Vs and density established by
Christensen (1966), rather than stable high-pressure
phase antigorite. Christensen (1978, 2004), Kern
(1993), Kern et al. (1997), and Watanabe et al. (2007)
have all studied samples with clearly identified high
antigorite volume fractions. These samples show that
antigorite has higher Vp, Vs and lower Vp/Vs ratio
than lizardite-chrysotile serpentinites. In addition Kern
and Tubia (1993), Horen et al. (1996) and Song et al.
(2004) also report ultrasonic measurements of serpentine samples that have transverse anisotropy, but do not
identify which serpentine minerals are present. Both
Christensen (2004) and Watanabe et al. (2007) have
produced new empirical relationships between volume
fraction of high temperature antigorite serpentinites to
Vp, Vs and density. Kern (1993) and Kern et al. (1997)
reports a strong crystal preferred orientation of c-axes
with over three times random densities normal to the

69

foliation. Watanabe et al. (2007) report a strong
foliation, probably indicative of CPO, in 50% of their
antigorite samples. There are no single crystal measurements of the elastic tensor of serpentine minerals
due to the difficulty in finding natural single crystals of
sufficient size and quality. Recently Auzende et al.
(2006) and Pellenq et al. (2008) have used transferable
semi-empirical interatomic potentials to compute the
elastic tensor of single crystal lizardite and antigorite,
respectively, at ambient pressure. The lizardite elastic
constants of Auzende et al. (2006) predict linear compressibility for a- and c-axes of 2.3 × 10−3 and 20.5 ×
10−3 GPa−1 are in reasonable agreement with the experimentally measured values of 2.7 × 10−3 and 9.7 × 10−3
GPa−1 reported by Hilairet et al. (2006), being good for
the a-axis, but two times too high for the c-axis. The
antigorite elastic constants of Pellenq et al. (2008) predict linear compressibility for a- and b-axes of 2.3 ×
10−3 and 2.2 × 10−3 GPa−1, which agree well with
values of 3.7 × 10−3 and 3.3 × 10−3 GPa−1 reported by
Hilairet et al. (2006), however the predicted value for
the c-axis 17.9 × 10−3 GPa−1 is again twice the measured value of 8.2 × 10−3 GPa−1. Reynard et al. (2007)
have used ab-initio methods to calculate the elastic
properties of pseudo-hexagonal lizardite, but comparisons between experimentally measured compressibility along the c-axis with the predicted compressibility
is five times greater than measured, and hence they are
not acceptable to predict seismic properties. Both the
model elastic constants of Auzende et al. (2006) and
Pellenq et al. (2008) predict very strong anisotropy for
Vp (76.7% and 71.2%) and dVs (81.7 and 67.6%) with
high Vp velocities and high shear wave splitting (dVs)
anisotropy in the basal plane for lizardite and antigorite, respectively. The polarization of the fastest
S-waves (S1) is parallel to the basal plane in both polymorphs. All the features in Fig. 4 are very characteristic of layer silicates. The Vp/Vs1 and Vp/Vs2 ratios
for lizardite and antigorite are shown in Fig. 5, they
have the general pattern of high values in the basal
plane and low values around the c-axis. In detail, the
Vp/Vs1 is more complex with small region of high
Vp/Vs1 around the c-axis. Overall, lizardite and antigorite are characterised by high Vp/Vs1 and Vp/Vs2
for propagation directions around the basal plane.
The velocity ratios have high anisotropies, 36.1–41.2%
for Vp/Vs1 and 92.8–100.4% for Vp/Vs2 for antigorite and lizardite, respectively. The values of the
velocity ratios vary from 1.25 to 4.30 with direction.
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S-wave splitting anisotropy
(dVs as a percentage) and the
polarization direction (white
lines) of the fastest S-wave
(Vs1) for single crystal lizardite
and antigorite, calculated using
the elastic tensors reported
by Auzende et al. (2006) and
Pellenq et al. (2008) at ambient
pressure. The c-axis is in the
centre of the pole figures, other
crystallographic reference
directions in the basal plane
are marked
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2.0
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upper hemisphere

Max. = 1.89
Anisotropy = 41.2 %

Min. = 1.25

1.42

Max. = 4.30
Anisotropy = 100.4 %

Min. = 1.42

Pellenq et al. 08
Antigorite

[100]
1.86

3.77

1.76

3.25

1.68

[010]

1.60

2.75

1.52

2.25

1.44
1.75
1.29

Max. = 1.86
Anisotropy = 36.1 %

The Voigt-Reuss-Hill average isotropic values of Vp/Vs
for Auzende et al. (2006) and Pellenq et al. (2008) elastic constants are 1.77 and 1.73, respectively. For reference, the experimentally measured Vp/Vs values given
by Christensen (2004) at 1 GPa pressure for isotropic
lizardite and antigorite are 2.17 and 1.87, respectively;
the Vp/Vs ratio is higher in lizardite than antigorite in
both the calculated and experimental values.

Min. = 1.29

1.38

Max. = 3.77
Anisotropy = 92.8 %

Min. = 1.38

3.1.2 Above 180 km Depth: Minerals Stable
at Higher Temperature
Several of the minerals present in the first 180-km
depth range of subduction zones are stable to higher
temperatures than antigorite. Among the more important minerals likely to be stable in warm slabs are talc,
brucite, clinochlore and tremolite-pargasite.

Seismic Anisotropy of Subduction Zone Minerals–Contribution of Hydrous Phases

Talc (Mg3Si4O10(OH)2) is of great geological importance having a widespread occurrence from the surface
of the seafloor to depths of 150 km in subduction zones.
Perhaps, it is best known to form during the serpentinization of abyssal peridotites at mid-ocean ridges
(e.g., Cannat, 1993; Mével, 2003) being associated
with alteration of orthopyroxene to serpentine + talc,
where talc can represent up to 41% by volume of the
rock (e.g., Hacker et al., 2003a). At the Mid-Atlantic
Ridge, talc locally represents 100% of ODP cores
drilled at 14°50′N (Shipboard Scientific Party, 2004).
It also a mineral commonly sampled in detachment
faults associated to oceanic core complexes (e.g.,
MacLeod et al., 2002; Escartín et al., 2003; Boschi
et al., 2006). In subduction zones, it forms in the
mantle wedge from the breakdown of antigorite to give
talc + forsterite + water (e.g., Evans et al., 1976), this
reaction has recently be found to explain the global
pattern of seismicity that displays double Benioff
zones (Brudzinski et al., 2007). At greater depths, talc
releases water in the dehydration reaction to enstatite
at ca 1.7 GPa 660°C (60-km depth) (e.g., Ulmer and
Trommsdorff, 1995). Talc should accordingly be present from shallow depths to 60 km. However talc can
still be present at depths of 100 km or more, where it
forms in metamorphosed oceanic crust at ultra-high
pressure conditions during the hydration of mafic
eclogites, even at water under-saturated conditions
lacking a free fluid phase (Poli and Schmidt, 1997).

Fig. 6 Upper hemisphere pole
figures of P-wave velocity, S-wave
splitting anisotropy (dVs as a
percentage), the polarization
direction (white lines) of the
fastest S-wave (Vs1), Vp/Vs1 and
Vp/Vs2 for single crystal talc
triclinic (c1) symmetry, calculated
using the elastic tensor by
Mainprice et al. (2008) at a
pressure of 0.9 GPa. The c-axis
is in the centre of the pole figures,
other crystallographic reference
directions in the basal plane are
marked
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The elastic constants of talc have recently been determined by ab initio methods by Mainprice et al. (2008).
At ambient pressure talc is perhaps the most elastically
anisotropic mineral with P-wave anisotropy of 80%
and S-wave anisotropy of 85%. At a representative
pressure of its occurrence in a subduction zone of
0.9 GPa (40-km depth) the P-wave anisotropy is 64.9%
and S-wave anisotropy is 65.1% (Fig. 6). The Vp/Vs1
and Vp/Vs2 ratios have anisotropies of 45.7% and
95.2%, respectively. The velocity ratios vary from 1.05
to 3.18 with direction.
Brucite Mg(OH)2 is interesting as it is a model
system for understanding dense hydrous magnesium
minerals (alphabet phases) under hydrostatic compression and an important structural unit of many sheet
silicates, such as chlorite, lizardite and talc. It is occasionally a major phase in low temperature and pressure
oceanic serpentinites, as at Hess Deep (e.g., Mével
and Stamoudi, 1996), or at the Mid-Atlantic Ridge
(e.g., Bach et al., 2004, 2006). At higher pressures
brucite commonly occurs in association with antigorite (Hostetler et al., 1966) at upper mantle PT conditions shown in Fig. 2, and could constitute 13%
and 7% by volume of a hydrated harzburgite and lherzolite, respectively, according to Hacker et al. (2003a).
Brucite is a very anisotropic phase at room pressure,
however at pressures approximating to the in-situ
conditions (P = 4 GPa) in the upper mantle the anisotropy is reduced, but still very high at 26.5% and 30.9%

Talc P= 0.9 GPa
P velocity (km/s)
⊥(100)

Vs1 polarization

dVs anisotropy (%)
Vp Contours (km/s)

AVs Contours (%)

8.84

65.10
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6.0
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upper hemisphere
Max.Velocity = 8.84
Anisotropy = 64.9 %

50.0
40.0
30.0
20.0

4.51

0.70

Min.Velocity = 4.51

Max.Anisotropy = 65.10

Vp/Vs1

Min.Anisotropy = 0.70

Vp/Vs2
1.67

3.18

1.52
1.44
1.36
1.28
1.20

2.60
2.20
1.80
1.40

1.05
Max. = 1.67
Anisotropy = 45.7%

Min. = 1.05

1.13
Max. = 3.18
Anisotropy = 95.2%

Min. = 1.13
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Fig. 7 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2 for
single crystal brucite (trigonal
symmetry P-3m1), calculated
using the elastic tensor by Jiang
et al. (2006) at 4.8 GPa pressure.
The c-axis is in the centre of
the pole figures, other crystallographic reference directions
in the basal plane are marked
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6.80

upper hemisphere
Max.Velocity = 8.42
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3.0

6.45

0.00

Min.Velocity = 6.45

Max.Anisotropy = 30.88

Vp/Vs1

0.00

Min.Anisotropy = 0.00

Vp/Vs2
1.74

2.27

2.08
1.60

1.92

1.55

1.76

1.50

1.60

1.43
Max. = 1.74
Anisotropy = 19.3%

for Vp and Vs, respectively (Fig. 7). Brucite like other
layer structures has the highest value of Vp/Vs2 in the
basal plane of 2.27 and anisotropies of Vp/Vs1 and
Vs2 of 19.3% and 43.1% that is considerably less
than antigorite at room pressure. For reference the
Voigt-Reuss-Hill average isotropic of Vp/Vs ratio for
Brucite is 1.68.
The clinochlore end member of the chlorite series is
a strong candidate to be present in the hydrated upper
mantle. Experimental evidence reported by Fumagalli
and Poli (2005) for the presence of clinochlore in
hydrated lherzolite and harzburgite at 20–40%wt fractions in the pressure range up to 6 GPa and temperatures around 700°C make clinochlore a possible
alternative to antigorite to explain mantle wedge seismic anisotropy. Clinochlore is the product of breakdown of tremolite or pargasite in hydrous peridotites
(Fumagalli and Poli, 2005). The temperature dependent overlap of stability fields of clinochlore and the
10 Å phase has major implications for the transfer of
H20 to higher pressures phases at depth (Fumagalli
and Poli, 2005). However, the elastic constants of the
10 Å phase have not yet been measured, so that seismic
interpretation of such a transfer is at present impossible in the anisotropic case. Alexandrov and Ryzhova
(1961a) have measured the elastic constants of a number of layer silicates under the approximation that their
elastic properties can be well described by the 5 independent constants corresponding to hexagonal crystal
symmetry. They have measured phlogopite for example,

Min. = 1.43

1.47
Max. = 2.27
Anisotropy = 43.1 %

Min. = 1.47

however we do not illustrate the seismic properties of
this mineral, as it is stable at higher temperatures than
commonly associated with subduction. In the case of
clinochlore, they only managed to measure ultrasonic
velocities corresponding to 4 elastic constants
(C11,C33,C44 and C66), but as C12 = C11–2C66 we have the
value for C12. However, the value for C13 has not been
measured. To estimate the values of C13 we used the
systematics of all Cij for layer silicates reported by
Alexandrov and Ryzhova (1961a). A plot of Cij/
density versus Cij in order of magnitude (C11, C66, C33,
C12, C13 and C44) for muscovite, phlogopite, biotite and
clinochore shows that the values of C13 lie between C12
and C44 and simple linear interpolation gives C13 = C44
+ (C12–C44)/2 = 40.2 GPa for clinochlore. The elastic
constant of clinochlore can be further verified by comparing the experimentally measured linear compressibility (β) along the a- and c-axes given by Pawley
et al. (2002), ba = 3.0 × 10−3 GPa−1 and bc = 5.1 × 10−3
GPa−1, with values calculated from Cij of clinochlore
of ba = 2.7 × 10−3 GPa−1 and bc = 8.1 × 10−3 GPa−1,
which are very close for the a-axis and slightly too
high for the c-axis. We calculated values of linear compressibility from the unit cell data of Welch and
Crichton (2002) using ba = (1−a/a0)/P where a is the
cell edge at pressure P and a0 is the cell length at 10−4
GPa pressure, and obtained ba = 3.0 × 10−3 GPa−1 and
bc = 5.0 × 10−3 GPa−1, very similar to the results of
Pawley et al. (2002). To obtain a better match between
the linear compressibilities would require adjusting

Seismic Anisotropy of Subduction Zone Minerals–Contribution of Hydrous Phases
Fig. 8 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy (dVs
as a percentage) and the
polarization direction (white
lines) of the fastest S-wave (Vs1)
for single crystal clinochlorite,
calculated using the constants
C11, C33, C44, C66 and C12 reported
by Alexandrov and Ryzhova
(1961a) and C13 estimated by the
authors, as described in the text.
The elastic tensor constructed
here has the hexagonal
symmetry rather than the
monoclinic (C2/m) symmetry of
clinochlore (see text). The c-axis
is in the centre of the pole
figures, other crystallographic
reference directions in the basal
plane are marked
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C13 and other Cij (see Nye, 1957) that are constrained
by the ultrasonic data, but further analysis is complicated by the fact that Alexandrov and Ryzhova (1961a)
do not give the composition of their crystal, hence
more elaborate constraint on the elastic constants is
not justified. Calculated clinochlore seismic properties
(Fig. 8) have a similar pattern of anisotropy to antigorite, typical of layered silicates, with high Vp and very
strong shear wave splitting in the basal plane, but with
a higher symmetry due to hexagonal symmetry of the
clinochore elastic constants. The P-wave anisotropy is
significantly lower than antigorite at 35.5%, but the
shear wave splitting is as strong at 76.2%. The Vp/Vs
distribution is similar that the lizardite and antigorite
in Fig. 5. The anisotropy of Vp/Vs is high at 66.9%
and 76.7% for Vp/Vs1 and Vp/Vs2, respectively, and
similar in magnitude to antigorite. The highest values
of Vp/Vs2 are over 3.50. For comparison the VoigtReuss-Hill average isotropic values of Vp/Vs are 2.02,
which is the highest of the all the hydrous phases in
this study (Table 1).
In the upper mantle the amphiboles most likely to
occur in hydrated peridotites are tremolite-actinolite or
pargasite (e.g., Fumagalli and Poli, 2005). Hacker
et al. (2003a) have estimated volume fractions of tremolite to be between 19–34% for hydrated lherzolite.
The destabilization of tremolite produces clinochlore
in water saturated peridotites (Fumagalli and Poli,
2005), hence it is restricted to about 2.5 GPa (80 km) in

Min. = 1.45

1.78
Max.= 3.99
Anisotropy =

Min. = 1.78

76.7 %

the shallow forearc, but it can be stable to much higher
temperatures than most other hydrous phases. As the
elastic constants of tremolite have never been measured we use the ‘generic’ amphibole hornblende to
illustrate the probable anisotropy of this phase. The
elastic properties of hornblende have been measured
by Alexandrov and Ryzhova (1961b). The monoclinic
symmetry of hornblende with a mirror plane normal to
[010] is clearly displayed by its seismic properties in
Fig. 9. Hornblende is very anisotropic for non-layer
structure with a P-wave and S-wave anisotropy of
27.1% and 30.7%, respectively. The Vp/Vs anisotropy
is also very strong with 24.3% and 39.2% for Vp/Vs1
and Vp/Vs2, respectively.

3.1.3

From 180 to 400 km Depth: Minerals
Stable at Higher Pressure

During subduction, dehydration of antigorite from
about 120 km, depending on the temperature, produces
forsterite + enstatite ± chlorite + fluid. Between 120
and 180 km, hydration of forsterite produces the
hydrous mineral clinohumite (Stalder and Ulmer,
2001). At greater depths it is usually assumed that
clinohumite transforms to the phase A. However,
clinohumite is stable in the presence of hydrogen containing forsterite (hydrous olivine) + clinoenstatite ±
melt + H20 at 12 GPa (<360 km) (Smyth et al., 2006).

Density
(kg/m3)

Shear Mmodulus
(GPa)

Bulk Mmodulus
(GPa)

Poisson’s
ratio

Vp (km/s)

Vs (km/s)

Vp/Vs

AVp (%)

AVs (%)

AVp/Vs1 (%)

AVp/Vs2 (%)

Olivine reference
3355
78.01
129.45
0.25
8.34
4.82
1.73
24.3
17.9
25.5
16.4
Mineral
Lizardite
2580
33.63
60.90
0.27
6.30
3.56
1.77
76.7
81.7
41.2
100.4
Antigorite
2720
37.15
62.43
0.25
6.36
3.67
1.73
71.2
67.6
36.1
92.8
Talc P = 0.9 GPa
2858
49.21
58.57
0.17
6.56
4.13
1.59
64.9
65.1
45.7
95.2
Clinochlore
2800
29.27
79.25
0.34
6.48
3.20
2.02
35.5
76.2
66.9
76.7
Hornblende
3124
42.84
88.47
0.29
6.83
3.70
1.84
27.1
30.7
24.3
39.2
Clinohumite
3261
73.09
124.72
0.26
8.25
4.73
1.74
21.8
15.9
24.7
16.7
Brucite P = 4 GPa
2605
50.05
74.34
0.22
7.36
4.38
1.68
26.5
30.9
19.3
43.1
Phase A P = 9 GPa
3191
77.43
157.41
0.29
9.04
4.93
1.83
9.3
17.6
10.2
9.1
Superhydrous B
3327
96.99
153.83
0.24
9.23
5.40
1.71
6.9
11.6
18.2
10.5
Phase D P = 24 GPa 3934
169.86
279.28
0.25
11.33
6.57
1.72
10.8
18.0
20.3
25.1
HydroWadsleyite
3395
98.57
149.23
0.23
9.09
5.39
1.69
16.3
16.5
20.9
20.2
HydroRingwoodite
3781
137.43
250.87
0.27
10.71
6.03
1.78
1.9
4.4
4.5
5.8
P = 20 GPa
Pressure is room pressure (10−4 GPa) except where indicated. Shear modulus, bulk modulus, Poisson’s ratio, Vp, Vs and Vp/Vs are Hill averages of the Voigt and Reuss isotropic
elastic bounds. AVp, AVs, AVp/Vs1, AVp/Vs2 are anisotropic parameters discussed in the text. Marked in bold the mineral names and their anisotropy parameters that are higher
than olivine at ambient constants using the elastic constants of Abramson et al. (1997).

Mineral

Table 1 Isotropic and anisotropic parameters of selected hydrous phases
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Fig. 9 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2
for single crystal hornblende
(monoclinic C2/m symmetry),
calculated using the elastic
tensor by Alexandrov and
Ryzhova (1961b). The c-axis is
in the centre of the pole figures,
other crystallographic reference
directions in the basal plane are
marked
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Hornblende
P velocity (km/s)

Vs1 polarization

dVs anisotropy (%)
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7.89
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27.0
24.0
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7.20
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6.60
6.40
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6.00

Max.Velocity = 7.89
Anisotropy = 27.1 %

0.80

6.00

Min.Velocity =

X2

Max.Anisotropy =

30.69

Min.Anisotropy =

Vp/Vs1

0.80

Vp/Vs2
1.97

2.49
2.32
2.24
2.16
2.08
2.00
1.92
1.84
1.76

1.85
1.80
1.75
1.70
1.65
1.60
1.54
Max. =
Anisotropy =

Fig. 10 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2
for single crystal clinohumite
monoclinic (C2/m symmetry),
calculated using the elastic
tensor by Fritzel and Bass
(1997) at ambient pressure.
The c-axis is in the centre of
the pole figures, other crystallographic reference directions in
the basal plane are marked are
the pseudo-orthorhombic axes
used by Fritzel and Bass (1997)

1.97
24.3 %

Min. = 1.54

1.68
Max. =
Anisotropy =

2.49
39.2 %

Min. = 1.68

Clinohumite
P velocity (km/s)
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Max. = 2.00
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Ti-rich Clinohumite is observed in ultramafic rocks
exhumed from ultrahigh-pressure conditions in Dabie
Shan, China (Hermann et al., 2007). This body consists of layered mafic and ultramafic rocks ranging
from harzburgites to orthopyroxenites, associated with
coesite-eclogites with a peak metamorphic conditions
of 4 GPa and 700°C, compatible with 120-km depth on
a warm subduction geotherm. Clinohumite is monoclinic, and its elastic constants have been measured in

Min. = 1.56

1.72
Max. = 2.03
Anisotropy = 16.7 %

Min. = 1.72

the unusual setting (a = 100.8°, instead of the conventional angle b = 100.8° with a = 90°) by Fritzel and
Bass (1997) to show the similarity to olivine. In Fig. 10
one can see many features that resemble olivine, with
high Vp parallel to the a*-axis and high shear wave
splitting at approximately 45° to a*- and c-axes.
Clinohumite has Vp and dVs anisotropies of 21.8%
and 15.9%, whereas olivine has values of 24.3%
and 17.9%, respectively, hence very similar to olivine.
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3.2 Transition Zone and Lower
Mantle Phases

The velocities of Clinohumite are about 1.5% slower
than olivine. The anisotropy of Vp/Vs are much lower
than the layer silicates with 24.7 and 16.7% for Vp/
Vs1 and Vp/Vs2, respectively.
The phase A is the dense hydrogen magnesium
silicate that is stable at the lowest pressures, hence in
the lower part of upper mantle (Fig. 2). The phase A can
represent up to 47% and 22% by volume in hydrated
harzburgite and depleted lherzolite, respectively
(Hacker et al., 2003a). The elastic constants have been
measured by Sanchez-Valle et al. (2006) at ambient
conditions and recently at high pressure (Sanchez-Valle
et al., 2008). The anisotropic seismic properties of
phase A are shown in Fig. 11 at in-situ upper mantle
pressure of 9 GPa. The phase A is hexagonal (P63) and
the velocity distribution is surprisingly different to hexagonal and trigonal symmetry elastic constants illustrated for lizardite, clinochlore and brucite. As illustrated
in Mainprice (2007) the phase A has a velocity distribution similar to lizardite, clinochlore and brucite at ambient pressure, hence the role of pressure is very important
in DHMS minerals, as also described for the phase D
by Mainprice et al. (2007). Notice the pseudo-tetragonal symmetry, which is most obvious in dVs and Vp/
Vs2 in Fig. 11. The anisotropy of the phase A at in-situ
upper mantle pressure is relatively modest compared to
other layered structures at 9.3%, 17.6%, 10.2%, and
9.1% for P, S, Vp/Vs1 and Vp/Vs2, respectively.

Fig. 11 Upper hemisphere
pole figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2 for
single crystal phase A (hexagonal symmetry P63), calculated
using the elastic tensor SanchezValle et al. (2008) at 9.0 GPa.
The c- axis is in the centre of
the pole figures, other crystallographic reference directions
in the basal plane are marked

In the transition zone (410–670-km depth) the highpressure polymorphs of olivine, wadsleyite and ringwoodite, in their hydrous forms have the potential to
store more water as hydroxyl than the oceans on the
Earth’s surface (e.g., Jacobsen, 2006). Wadsleyite and
ringwoodite can be synthesized with up to 3.1 wt% and
2.8 wt% H2O, respectively. The maximum water solubility in wadsleyite at transition zone conditions (15 GPa,
1400°C) is about 0.9 wt% (Demouchy et al., 2005). In
ringwoodite, water solubility decreases with increasing
temperature. In subducting slabs, hydrous wadsleyite
and ringwoodite can represent volume fractions of
about 50–60%, resulting in the shallower region of the
mantle transition zone having a larger water storage
potential than the deeper region (Ohtani et al., 2004).
In the upper part of the transition zone (410–520-km
depth), anhydrous wadsleyite is replaced by hydrous
wadsleyite in the hydrated mantle. The elastic constants
of hydrous wadsleyite have been determined at ambient
conditions as a function of water content by Mao
et al. (2008). Hydrous wadsleyite with 1.66 wt% H2O
has a P-wave and S-wave anisotropy of 16.3% and
16.5%, respectively (Fig. 12). This compares with
anhydrous wadsleyite using the elastic constants of
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Fig. 12 Upper hemisphere
pole figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2
for single crystal hydrous
wadsleyite (orthorhombic
symmetry Imma), calculated
using the elastic tensor Mao
et al. (2008) at ambient
pressure. The c-axis is in the
centre of the pole figures,
other crystallographic reference
directions in the basal plane are
marked
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P velocity (km/s)
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Fig. 13 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2 for
single crystal hydroRingwoodite
(cubic symmetry Fd3m),
calculated using the elastic
tensor Wang et al. (2006) at
20 GPa. The c-axis is in the
centre of the pole figures, other
crystallographic reference
directions in the basal plane
are marked
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Zha et al. (1997), with values of 15.4% and 16.8%,
respectively. Hydrous wadsleyite has a Vp/Vs1 and
Vp/Vs2 of 20.9% and 20.2%, respectively, whereas
anhydrous wadsleyite has values of 22.0% and 19.1%.
Clearly it is not possible to distinguish between anhydrous and hydrous wadsleyite on the basis of anisotropy, although there is a linear decrease of velocity with
water content at room pressure (Mao et al., 2008).
In the lower part of the transition zone (520–670-km
depth), anhydrous ringwoodite is replaced by its
hydrated counterpart hydrous ringwoodite in the

Min.= 1.73

4.5

%

1.73
Max. = 1.83
Anisotropy = 5.8

Min. = 1.73
%

hydrated mantle. The elastic constants of hydrous ringwoodite have been measured as a function of pressure
to 9 GPa by Jacobsen and Smyth (2006) and to 24 GPa
by Wang et al. (2006). Hydrous ringwoodite at the
in-situ transition zone pressure of 20 GPa has a very
low anisotropy, 1.9% for P-waves and 4.4% S-waves
(Fig. 13). Anisotropy for Vp/Vs1 and Vp/Vs2 is
slightly stronger at 4.5% and 5.8%, respectively.
The superhydrous phase B (also called C by some
authors) is another DHMS mineral with orthorhombic
(P21 mn) symmetry is stable over the PT conditions of
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Fig. 14 Upper hemisphere
pole figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2 for
single crystal Superhydrous
B phase orthorhombic (Pbnm
symmetry), calculated using
the elastic tensor by Pacalo and
Weidner (1996) at ambient
pressure. The [001] axis is in
the centre of the pole figures,
other crystallographic reference
directions in the basal plane
are marked
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the transition zone (Fig. 2) constitutes up to 66.5%
and 53.3% of hydrated harzburgite and lherzolite
according to Iwamori (2004), whereas Ohtani et al.
(2004) estimated between 10% in the upper part and
30% in the lower part of the transition zone. Pacalo
and Weidner (1996) measured the single crystal elastic
constants of the superhydrous phase B at ambient
conditions. The anisotropic seismic properties shown
in Fig. 14 reveal that the superhydrous phase B is only
moderately anisotropic with P-wave anisotropy of
6.9% and S-wave anisotropy of 11.6%. The Vp/Vs1
and Vp/Vs2 anisotropies are also moderate at 18.2%
and 10.5%, respectively.
The phase D is yet another DHMS mineral and the
only known hydrogen bearing mineral stable to lower
mantle pressures. Recently, the elastic constants of the
phase D have been calculated using first principle methods by Mainprice et al. (2007) to pressures of 84 GPa.
At great depth, high temperatures are expected to limit
the stability field of the phase D. The percentages of the
phase D present in the transition zone and possibly the
lower mantle are between 63.5% and 56.3% for harzburgite and lherzolite according to Iwamori (2004) and
15% for a 2 wt% H2O peridotite according to Ohtani
et al. (2004). As with talc, brucite and phase A the
velocity distribution of the phase D changes with pressure. In Fig. 15 the anisotropic seismic properties are
illustrated for a pressure corresponding to the top of the

Min. = 1.54

1.67
Max.= 1.85
Anisotropy =

Min.= 1.67

10.5 %

lower mantle (P = 24 GPa). The velocity distributions
clearly illustrate the trigonal nature of the phase D. The
anisotropy is higher than the super hydrous B phase,
with P-wave anisotropy of 9.2% and S-wave of 18.0%.

4

Elastic and Seismic Properties as
a Function of Pressure

As already mentioned above, the elastic constants of
only a few hydrous minerals has been measured, and
most of these at ambient conditions. A small number
of minerals have been measured as a function of
pressure, and these are illustrated in Fig. 16. To our
knowledge, no measurements of elastic constants of
hydrous minerals as a function of temperature have
been published. Pressure has a very important effect
on the seismic anisotropy of brucite Mg(OH)2, which
is considered as an important structural component of
many hydrous minerals, and hence one may suspect
that most hydrous minerals will be pressure sensitive.
At ambient conditions, brucite is one of the most anisotropic minerals with P wave and S wave anisotropies
of 58% and 46%, respectively. Anisotropy reduces
with pressure, to become about half those values at
upper mantle pressures (Jiang et al., 2006). However,
even at upper mantle pressures, brucite remains very
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Fig. 15 Upper hemisphere pole
figures of P-wave velocity,
S-wave splitting anisotropy
(dVs as a percentage), the
polarization direction (white
lines) of the fastest S-wave
(Vs1), Vp/Vs1 and Vp/Vs2
for single crystal phase D
(trigonal symmetry P-31 m),
calculated using the elastic
tensor Mainprice et al. (2007)
at 24 GPa. The c-axis is in the
centre of the pole figures, other
crystallographic reference
directions in the basal plane
are marked
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anisotropic compared with most silicates. Talc
(Mg3Si4O10(OH)2) is probably the most elastically
anisotropic mineral reported to-date at room pressure
(Mainprice et al., 2008). Like brucite it is a structural
element of many hydrous phases, and also like brucite
its anisotropy is reduced by 50% at 5 GPa pressure, but
even so it is highly anisotropic with Vp and Vs anisotropy around 40%. In the same pressure range, the
DHMS phase A has a radically different pressure sensitivity for anisotropy. In fact phase A is rather insensitive to pressure, with the S-wave anisotropy actually
increasing with pressure. However, these anisotropy
parameters do not reveal all the changes in velocity
distribution, which are very important with pressure
for brucite and phase A. In the case of hydrous
ringwoodite we can also compare with anhydrous
ringwoodite. From the data of Wang et al. (2006), the
anisotropy of both minerals decreases with pressure,
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Fig. 16 Variation with pressure
of P- and S-wave anisotropy for
the hydrous phases talc, brucite,
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ringwoodite is also plotted
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with hydrous ringwoodite being systematically 1% or
2% more anisotropic than ringwoodite. The pressure
sensitivity of phase D is very different to phase A, the
anisotropy decreasing significantly for P-wave anisotropy, but remaining nearly constant with pressure
S-wave. Clearly it is not easy to predict the exact nature
of the pressure sensitivity of hydrous minerals, as the
examples presented in Fig. 16 are all different, with
exception of brucite and talc that have very similar
chemistries.

5

Discussion

The elastic constants of many hydrous phases have yet
to be measured at ambient conditions, very few have
been measured at high pressures and none, with the
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possible exception of lawsonite (CaAl2Si2O7(OH)2
H2O, common component of metamorphosed glaucophane schists) as a function of temperature (Schilling
et al., 2003). Hence, in many ways this paper has
surveyed the present knowledge of the anisotropic
seismic properties of hydrous minerals thought to be
present in hydrated mantle. Some of these minerals
have never been observed at the Earth’s surface
(e.g., DHMS) and can only be inferred to be present
from high pressure and high temperature laboratory
experiments. The lack of pressure and temperature
derivatives of the elastic constants for hydrous minerals further hinders direction comparisons between
seismic observables and experimentally based petrological models of the hydrated mantle, which renders
inferences about the hydrogen budget of the deep Earth
to be quite speculative.
The other aspect, which is almost entirely missing
in this paper, is the crystal-preferred orientation of
hydrated minerals. There is virtually no CPO data
apart from the information cited on antigorite form
natural samples and the general observation that layered structured minerals almost always form strong
preferred orientations due to their anisotropic shape
and anisotropic mechanical properties. Therefore, the
single crystal seismic anisotropies should be taken as
an upper bound for rock samples due to two majors
causes; a) the statistical nature of CPO in polycrystalline samples implies that crystals are never perfectly
aligned, b) the presence of other minerals will, in general, have differently aligned elastic anisotropy will
further reduce the resulting seismic anisotropy of
multi-phase mantle rocks at depth.
It is one of the major objectives of this paper to
address a first overview of the contribution of hydrated
phases to seismic anisotropy of the hydrated mantle
associated with subduction, within the limitations cited
above. In making this overview we hope to emphasis
their importance and stimulate further work on the elastic and mechanical properties of these minerals. Perhaps
the first group of minerals to consider are the ones we
know the most about in terms of elasticity and CPO, the
nominally anhydrous minerals that dominate the composition of the pyrolite mantle, i.e., olivine, wadsleyite,
and ringwoodite, leaving aside Mg-perovskite of the
lower mantle as it is known to have a very low hydrogen concentation (Bolfan-Casanova, 2005). These minerals are considered to be able to sequestrate significant
volumes of water due to their high volume fractions in
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the mantle. The change of anisotropy in hydrogen
containing anhydrous major phases (hydrous forms of
olivine, wadsleyite, ringwoodite) compared to their dry
counterparts is partly answered by data in Mao et al.
(2008) and Wang et al. (2006) on hydrous wadsleyite
and ringwoodite (Figs. 12 and 13), with a 1–2% increase
from the dry phase and the same velocity distribution.
Some constraint on hydrous olivine can be obtained
by considering clinohumite to be a ‘super saturated’
analogue for olivine, as its velocity distribution is
almost identical to olivine when using the crystal setting chosen by Fritzel and Bass (1997). Jacobsen et al.
(2006) work on hydrous olivine only gives the isotropic
elastic parameters. The comparison between dry
olivine and clinohumite show 2.5% and 2.0% reduction
in anisotropy in the hydrous phase. The changes in
anisotropy of these major mantle phases are quite minor
with the incorporation of hydrogen and it seems unlikely
that seismic anisotropy could be used as a diagnostic
tool to study the degree of hydration of the mantle.
For these minerals the P- and S-wave seismic velocities
are reduced in the hydrogen rich conditions (1 wt% H20,
Smyth and Jacobsen, 2006) by about −0.25 km/s for
Vp for ringwoodite and −0.20 km/s for wadsleyite at
ambient conditions. However, when the P-waves velocities are extrapolated to in-situ mantle pressure conditions, the velocity difference between wet and dry
phases disappears. For S-waves the effect is slightly
stronger, with a velocity reduction in ringwoodite of
−0.3 km/s for hydrous phase, whereas in wadsleyite
there is a velocity increase of about +0.2 km/s at ambient conditions. When extrapolated to mantle pressure,
the differences in S-wave velocities between dry and
wet ringwoodite and wadsleyite are reduced from
−0.3 to −0.2 km/s, and +0.2 to +0.1 km/s, respectively.
An alternative seismic approach to studying the
hydrated mantle, suggested by Van der Meijde et al.
(2003), is to measure the displacement of the ‘410’ km
seismic discontinuity that is caused by the olivine to
wadsleyite phase transformation due to water content.
The phase transformation depth is affected by the usual
considerations of pressure and temperature, plus the
effect of different equilibrium concentrations of hydrogen in the phases, where wadsleyite has been considered to have considerably higher concentrations than
olivine. The temperature has a very strong effect on the
equilibrium hydrogen concentration in wadsleyite.
Increasing the temperature from 900°C to 1400°C
reduces the concentration from 2.2 wt% to 0.9 wt% with
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no significant effect of pressure in the range 13–18 GPa
(Demouchy et al., 2005). Wadsleyite with 0.9 wt%
water has almost the same concentration as olivine at
the similar conditions given by recent experiments
(Mosenfelder et al., 2006; Litasov et al., 2007) at around
1200°C, raising the temperature of olivine also dramatically decreases hydrogen concentration to 0.01wt% at
1400°C, well below that of wadsleyite. Hence, recent
experimental progress supports the idea of water
having a significant effect on the depth of the ‘410 km’
discontinuity. However, the depth of the transition will
also depend on temperature near 410 km. At temperatures of a subducted slab, i.e., 900–1200°C, there is
almost no effect, but at 1400–1500°C of a typical mantle geotherm (Fig. 2), the effect should be present with
a ratio of wadsleyite to olivine hydrogen concentration
of nearly 100.
We can see that hydrous minerals have a wide variation in anisotropy (see Table 1, Fig. 16), with layered
structures at ambient conditions having exceptionally
high anisotropy for P- and S-waves (e.g., lizardite,
antigorite, talc, brucite, clinochlore). However the lack
of good quality single crystal elastic tensors at pressure is a severe handicap when discussing the seismic
properties of antigorite, clinochlore, and to some extent
clinohumite, even though excellent quality elastic constants are available at ambient conditions. Even for
amphiboles, no measurements have been made apart
from the 1961 ultrasonic measurements of hornblende
at ambient conditions (Alexandrov and Ryzhova,
1961b). To give some indication of the magnitude of
anisotropy in hydrous phases we can use anhydrous
olivine as a reference anisotropic mineral of geodynamic importance, where its anisotropy has had a
major impact on interpretation of mantle seismic
anisotropy. Olivine has values for the anisotropy
parameters given in Table 1 as follows; Vp of 24.3%,
dVs of 17.9%, Vp/Vs1 of 25.5% and Vp/Vs2 of 16.4%
using the olivine elastic constants at ambient conditions of Abramson et al. (1997). The anisotropy of
olivine is not very sensitive to pressure, whereas the
hydrous minerals seem to be, with exception of the
phase A. The minerals that have at least one anisotropic parameter greater than olivine are lizardite, antigorite, talc, brucite, clinochore, hornblende, clinohumite,
hydrous wadselyite, and phase D. Phase A is very
close to olivine with its S-wave parameter. Only the
transition zone minerals superhydrous B and hydroringwoodite are significantly less anisotropic than
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olivine. Hydrous minerals are therefore in general very
anisotropic; hence the interpretation of subduction
zone seismology has to take this fact into account.

6

Conclusions

We have undertaken a survey of the available data on
the single crystal elastic tensors for hydrous minerals
likely to occur in hydrated mantle of subduction zones.
Many hydrous minerals have not had their elastic constants measured even at ambient conditions (e.g., 10Å
phase, phase E), some have not been measured in their
true symmetry (e.g., clinochlore, phlogopite) and most
have not been measured at high pressure and none
related to hydrated mantle have measured at high
temperature. For serpentine minerals most of the
comparison with seismic observables have been made
using wave speed, Vp/Vs or Poisson’s ratio. Available
elastic tensors from atomic modelling shows that
lizardite and antigorite are very anisotropic minerals,
these minerals are often associated in serpentinites
with talc and brucite, which are also very anisotropic.
There are several reports of strong CPO in antigorite
rocks or equivalently strong anisotropy of ultrasonic
velocities. However, the universally used isotropic Vp/
Vs ratio and Poisson’s ratio are clearly not applicable
to anisotropic rocks composed of oriented anisotropic
hydrous minerals. We have presented an analysis of
Poisson’s ratio that is clearly not a good parameter to
describe seismic anisotropy, as the axial and transverse
strains that define Poisson’s ratio are compressional or
extensional, whereas the wave propagation involves
compressional and shear strains associated with Vp,
Vs1 and Vs2. For an anisotropic medium Vp/Vs has to
be replaced by two ratios Vp/Vs1 and Vp/Vs1, but
until now seismologists have not reported these ratios.
We have shown in the few cases where hydrous minerals have been measured as function of a pressure, that
this variable has an important effect on the velocity
distribution and in most cases reduces the degree of
anisotropy, hence we would expect seismic anisotropy
to play a key role in the determination of the shallow
structure of subduction zones in the upper mantle.
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