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Magnesite (MgCO3) is considered to be a major candidate carbon host in the Earth’s mantle, and has
been found to exist as an accessory mineral in carbonated peridotite and eclogite. Studying the thermal
elastic properties of magnesite under relevant pressure–temperature conditions of the upper mantle
is thus important for our understanding of the deep-carbon storage in the Earth’s interior. Here we
have measured the single-crystal elasticity of a natural magnesite using in situ Brillouin spectroscopy
and X-ray diffraction in a diamond anvil cell up to 14 GPa at room temperature and up to 750 K
at ambient pressure, respectively. Using the third-order Eulerian finite-strain equations to model the
elasticity data, we have derived the aggregate adiabatic bulk, K S0, and shear moduli, G0, at ambient
conditions: K S0 = 114.7 (±1.3) GPa and G0 = 69.9 (±0.6) GPa. The pressure derivatives of the bulk
and shear moduli at 300 K are (∂ K S/∂ P )T = 4.82 (±0.10) and (∂G/∂ P )T = 1.75 (±0.10), respectively,
while their temperature derivatives at ambient pressure are (∂ K s/∂T )P = −24.0 (±0.2) MPa/K and
(∂G/∂T )P = −14.8 (±0.7) MPa/K. Based on the thermal elastic modeling of the measured elastic
constants along an expected normal upper-mantle geotherm and a cold subducting slab, magnesite
exhibits compressional wave (V P ) anisotropy of approximately 46–49% and shear wave (V S ) splitting
of 37–41% that are much larger than those of major constituent minerals in the Earth’s upper mantle
including olivine, pyroxene, and garnet. The modeled aggregate V P and V S velocity in moderately
carbonated peridotite and eclogite containing approximately 10 wt.% magnesite (approximately 5 wt.%
CO2) show minimal effects of magnesite on the seismic profiles of these rock assemblages at upper
mantle conditions, suggesting that the presence of magnesite is likely difficult to be detected seismically.
However, due to its unusually high V P and V S anisotropies, magnesite with strong preferred orientations
may exhibit sufficient V P and V S anisotropies that can have significant influences on seismic anisotropies
of the regionally carbonated upper mantle.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Carbon transport and storage in the deep Earth interior have
attracted in recent years the attention of researches because of
a growing recognition of their key importance for the global car-
bon cycle and their influence on (e.g. Burton et al., 2013). Two
processes of particular relevance are the transport of carbon into
the Earth interior (ingassing) through slab subductions and the
outgassing of carbon via magmatic and volcanic processes (e.g.
Hazen et al., 2012). Based on the geochemical and petrologi-
cal estimates on the carbon contents of the mantle-derived car-
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bonated samples, the total carbon budget in the planet’s mantle
can be in the order of (0.8–12.5) × 1023 g of C, whereas the
amount of carbon in the near-surface reservoirs, including the
crust, oceans, and atmosphere is in the order of (8.4–10.2)×1022 g
of C (Hirschmann and Dasgupta, 2009; Dasgupta and Hirschmann,
2010). Therefore, Earth’s mantle is likely the largest carbon reser-
voir of the planet, in which the mass of the deep-mantle carbon
can well exceed that in all other carbon reservoirs. As a result
of the variable pressure–temperature (P –T ) and oxygen fugacity
conditions in the Earth’s interior, deep-mantle carbon can exist in
a number of forms including CO2-rich and hydrocarbon-rich flu-
ids/melts, accessory minerals (carbonates, diamond, and graphite),
iron carbides, among others (Dasgupta and Hirschmann, 2010;
Kaminsky and Wirth, 2011). A new recent study reports that
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carbon also can be stored in oxides crystal defects at mantle con-
ditions (Wu and Buseck, 2013).

Carbonates are likely the stable crystalline accessory carbon-
bearing phases in the subducted carbonated oceanic crusts of
the transition zone (Luth, 1999). Calcite and dolomite carbonates
(CaCO3 and (Ca,Mg)CO3), however, are stable only at P –T condi-
tions at shallower parts of the upper mantle, e.g., at depth above
∼120 km (∼4 GPa); though, recent studies have suggested that
these minerals can remain stable at higher P –T conditions within
the Earth (Oganov et al., 2006; Mao et al., 2011). On the other
hand, recent experimental and theoretical studies on the phase di-
agram of magnesite have shown that magnesite remains stable in
the MgCO3 form at expected P –T conditions of the lower man-
tle, whereas new high-pressure phases of magnesite have been
reported to occur at lowermost-mantle conditions (Isshiki et al.,
2004; Oganov et al., 2008; Boulard et al., 2011), making magne-
site a potential major deep-carbon host in the deeper parts of the
mantle. Furthermore, observations of carbonate inclusions in nat-
ural diamonds thought to be originated from the lower mantle
further support the notion that magnesite can be a major deep-
carbon host (Brenker et al., 2007). Most recent results also show
that magnesite can be formed from reactions of MgO and CO2 at
P –T conditions of the Earth’s mantle (Scott et al., 2013). There-
fore, studying the physical and chemical properties of magnesite
under relevant P –T conditions of the mantle can hold the key to
our understanding of the global carbon cycle as well as to identi-
fying potential carbonate-rich regions in the deep Earth interior.

Of particular importance to seismic and geochemical model-
ing of the deep-Earth carbonates is the high P –T elasticity of
magnesite at relevant conditions of the Earth’s mantle. Laboratory
measurements on the sound velocities of magnesite and other car-
bonates at ambient conditions have been used to assess the seis-
mic detectability of carbonated eclogite and peridotite in the upper
mantle. These studies have suggested that moderately carbonated
regions may be difficult to detect seismically (Sanchez-Valle et al.,
2011). Nevertheless, high P –T effects on the sound velocities of
magnesite remain mostly unavailable; specifically, the pressure ef-
fect on the sound velocities of magnesite have been measured only
up to 1 GPa (Christensen, 1972) and there are not yet published
high-temperature data.

Here we have measured the compressional wave (V P ) and
shear wave (V S ) velocities of single-crystal magnesite using Bril-
louin Light Scattering (BLS) Spectroscopy in a high-pressure dia-
mond anvil cell (DAC) up to 13.7 GPa at 300 K and up to 750 K
at ambient pressure, respectively. Based on the experimentally-
measured velocities, we have derived the full elastic stiffness ten-
sor and have modeled the elasticity and elastic anisotropies of
magnesite at expected upper-mantle P –T conditions. These results
are applied to understand the potential effects of magnesite on the
seismic profiles and anisotropies in carbonated eclogite and peri-
dotite in the upper mantle. Our modeled velocity profiles provide
mineral physics references and constraints for future seismic de-
tections of potentially carbonated regions in the Earth’s interior.

2. Experimental details

Natural single-crystal magnesite from Bahia, Brazil was ob-
tained from the Vargas Mineral Collection at the Jackson School
of Geosciences, the University of Texas at Austin (Collection num-
ber: V3782). Electron microprobe analyses of the starting sample
revealed a homogeneous chemical composition of MgCO3 with
less than 0.5 mol.% Mn and Fe in total, while X-ray diffrac-
tion (XRD) measurements showed that the sample had a rhom-
bohedral structure (space group: R3c) with lattice parameters
a = 4.6431 (±0.0049) Å and c = 15.0353 (±0.0074) Å, consis-
tent with the lattice parameters of magnesite reported previ-
ously (Ross, 1997). The single-crystal sample was cleaved using a
knife along the rhombohedral cleavages parallel to {1011} planes.
Cleaved platelets showing high optical clarity and surface smooth-
ness were selected for BLS measurements. Some cleaved platelets
when screened for BLS spectral quality and were found to contain
polysynthetic twinning that showed up in BLS spectra with two
V P peaks at certain given orientations; these samples and their
BLS spectra were eventually discarded.

High-pressure BLS measurements were conducted on single-
crystal magnesite without the polysynthetic twinning in a DAC in
the Mineral Physics Laboratory of the University of Texas at Austin.
A single-crystal platelet with a diameter of 150 μm and thickness
of 35 μm was loaded into the sample chamber of a short symmet-
rical DAC with a pair of diamond culets of 400 μm having Ne as
the pressure medium and ruby spheres as the pressure calibrant
(Mao et al., 1986). The sample chamber was made of a Re gas-
ket with a pre-indented thickness of 70 μm and a drilled hole of
220 μm. The Brillouin system was equipped with a Coherent Verdi
V2 laser with a wavelength of 532 nm, a Perkin–Elmer photomul-
tiplier detector (PMT; model: MP983), and a JRS six-pass tandem
Fabry–Pérot interferometer (Lu et al., 2013). The laser beam was
focused down to approximately 20 μm in diameter at the sam-
ple position. The scattered Brillouin signals were collected with
a scattering angle of 47.9◦ which was calibrated using the elas-
tic constants of standard silicate glass, distilled water, and single-
crystal MgO (Ostwald et al., 1977; Sinogeikin and Bass, 2000;
Polian et al., 2002). Pressures were measured from the ruby sphere
next to the sample, and pressure uncertainties (±1σ ) were calcu-
lated using multiple measurements before and after the collection
of the Brillouin spectra.

High-temperature BLS experiments were performed at 13BMD
of the GSECARS Sector, Advanced Photon Source (APS), Argonne
National Laboratory (ANL) (Sinogeikin et al., 2006). A single-
crystal magnesite sample was loaded into an externally-heated
DAC (EHDAC) having Pt wires as the external resistive heating
element and a Re gasket sample chamber (Kantor et al., 2012;
Mao et al., 2012). The sample was sealed in a pre-indented and
drilled hole of the sample chamber in the Re gasket to prevent any
potential chemical reaction with air. An R-type thermocouple was
attached to one of the diamond’s surface approximately 500 μm
away from its culet for temperature measurements; such exper-
imental geometry permitted temperature uncertainties of within
1 K within our experiments (Sinogeikin et al., 2006). Single-crystal
X-ray diffraction patterns of the magnesite were also collected us-
ing a CCD detector in order to determine the lattice parameters
and hence density of the sample at high temperatures.

3. Results and data analyses

Brillouin spectra of magnesite were collected up to 14 GPa at
room temperature in a 1–3 GPa pressure interval and up to 750 K
at room pressure. The BLS spectra were collected in the {1011}
plane in approximately 19 to 37 different crystallographic direc-
tions (at approximately 5 to 10 degrees interval) for each given
P –T condition. Most of the spectra showed strong V P and two po-
larized V S peaks with high signal-to-noise ratios, although the V P

or V S peaks were weaker in a number of directions as expected
due to the intrinsic anisotropy of the elasto-optic coupling in trig-
onal magnesite (Nelson et al., 1972) (Fig. 1). Brillouin signals of the
Ne pressure medium were also observed at pressures below 8 GPa,
but they were not as visible at higher pressures. The measured V P

and V S varied significantly as a function of the azimuthal angle,
immediately indicating strong elastic anisotropies of the sample at
high P and high T (Fig. 2).

Since the V P and V S are intrinsically a function of crystallo-
graphic direction and deriving the full elastic constants requires
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Fig. 1. Representative Brillouin spectra of single-crystal magnesite. (a) 1 atm, 750 K;
(b) 4.2 GPa, 300 K; (c) 13.7 GPa, 300 K.

Fig. 2. V P and V S velocities of single-crystal magnesite as a function of the az-
imuthal angle measured from a cleaved {1,0,−1,0} platelet. (a) 1 atm, 750 K;
(b) 4.2 GPa, 300 K; (c) 13.7 GPa, 300 K.

the knowledge of the sample’s density, we have followed a nonlin-
ear inversion procedure proposed previously to solve the six elastic
constants of the rhombohedral magnesite using the Christoffel’s
equations with initial densities from an equation of state (EoS)
of magnesite (Every, 1980; Chen et al., 2001; Litasov et al., 2008;
Sanchez-Valle et al., 2011). Excellent agreement is found between
the measured and calculated sound velocities from the best-fit
elastic model at ambient and high P –T conditions (Fig. 2). The
derived single-crystal elastic constants of magnesite at ambient
conditions are consistent with previous results within experimen-
tal errors validating our nonlinear inversion model for deriving the
elastic constants of magnesite at high P and high T (Tables S1
and S2). The root-mean-square deviation (RMS) for the fitting is
about 50–55 m/s. The modeled sound velocities are in excellent
agreement with the experimental results at high pressure and high
temperatures.
Fig. 3. Single-crystal elastic constants of magnesite at the experimental pressures
and temperatures. Open circles: experimental results; blue lines: modeled results
using the finite-strain fitting; red lines: modeled results using a linear fitting. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Using the derived elastic constants of the sample, the aggre-
gate adiabatic bulk and shear moduli (K S and G) were calculated
using the Voigt–Reuss–Hill averages (Hill, 1952). The derived adia-
batic bulk (K S0) and shear moduli (G0) are at ambient conditions
are 114.7 (±1.3) and 69.9 (±0.6) GPa, respectively. An iterative
procedure was adopted to further obtain the finite strain parame-
ters for individual and aggregate elastic moduli as well as densities
at high pressure. The pressure derivatives of the elastic moduli at
300 K were obtained by fitting the moduli at high pressure using
the third-order Eulerian finite-strain equation of state (EoS) (Birch,
1978):

K S = K S0(1 + 2 f )5/2{1 + [
3
(
(∂ K S/∂ P )T − 5

)
f
]}

,

G = (1 + 2 f )5/2[G0 + (
3K S0(∂G/∂ P )T − 5G0

)
f
]
,

f = (1/2)
[
(V 0/V )2/3 − 1

]
,

where (∂ K S/∂ P )T and (∂G/∂ P )T are the pressure derivative of the
K S and G at 300 K, respectively, f is the Eulerian strain, and V 0
and V are unit-cell volume at ambient pressure and high pres-
sure, respectively. The derived K S and (∂ K S/∂ P )T were further
converted to the isothermal bulk modulus (K T ) and its pressure
derivative at constant temperature (∂ KT /∂ P )T using the following
thermodynamic relations (Poirier, 2000):

KT 0 = K S0/(1 + αγ T ),

(∂ KT /∂ P )T = (1 + αγ T )−1[(∂ K S/∂ P )T − γ T /KT 0(∂ KT /∂T )P
]
,

where (∂ KT /∂T )P is the temperature derivative of the KT at con-
stant pressure, KT 0 is the isothermal bulk modulus at ambient
conditions, α is the thermal expansion coefficient, and γ is the
Grüneisen parameter. Literature values of (∂ KT /∂T )P = −13 (±1)

(MPa/K), α = a0 + a1T with a0 = 4.03 (±0.07) × 10−5 K−1 and
a1 = 0.49 (±0.10) × 10−8 K−2, and γ = 1.38 (±0.01) were used
for the conversion (Litasov et al., 2008). The KT and (∂ KT /∂ P )T

were used to construct the isothermal EoS and refined densi-
ties. We note that the parameters used in the formula including
(∂ KT /∂T )P , α, and γ were approximately derived from literature
values. The aforementioned procedures were iterated numerically
until both KT and (∂ KT /∂ P )T values were self-consistent with the
input densities (Litasov et al., 2008).

Using the modeled thermal EoS values and the third-order Eu-
lerian finite-strain equations (Birch, 1978), the pressure derivatives



J. Yang et al. / Earth and Planetary Science Letters 392 (2014) 292–299 295
Fig. 4. Adiabatic bulk and shear modulus of magnesite at the experimental pressures
and temperatures. Open circles: experimental results; solid lines: modeled fitting.
A third-order Birch–Murnaghan equation of state was applied to model the high-
pressure data, while the high-temperature data were linearly fitted.

Table 1
Pressure and temperature derivatives of elastic moduli.

Pressure derivatives Temperature derivatives
(MPa/K)

(∂C11/∂ P )T 8.64 (±0.07) (∂C11/∂T )P −33.0 (±1.4)

(∂C33/∂ P )T 4.20 (±0.02) (∂C33/∂T )P −39.6 (±3.0)

(∂C44/∂ P )T 2.16 (±0.02) (∂C44/∂T )P −20.9 (±0.6)

(∂C12/∂ P )T 3.91 (±0.06) (∂C12/∂T )P −7.9 (±0.6)

(∂C13/∂ P )T 3.80 (±0.01) (∂C13/∂T )P −23.7 (±3.0)

(∂C14/∂ P )T 1.21 (±0.02) (∂C14/∂T )P −8.4 (±0.2)

(∂K S /∂ P )T 4.82 (±0.10) (∂K S /∂T )P −24.0 (±0.2)

(∂G/∂ P )T 1.75 (±0.01) (∂G/∂T )P −14.8 (±0.7)

of the K S and G were derived to be (∂ K S/∂ P )T = 4.82 (±0.10),
and (∂G/∂ P )T = 1.75 (±0.01) (Figs. 3 and 4, Table S3). Due to the
limited temperature range for the high-temperature data, a linear
equation was applied to obtain the temperature derivatives of the
elastic moduli (Figs. 3 and 4, Table S3). The temperature derivative
of the elastic moduli are: (∂ K S/∂T )P = −24.0 (±0.2) (MPa/K),
and (∂G/∂T )P = −14.8 (±0.7) (MPa/K). The pressure and temper-
ature derivatives of the six individual elastic constants are listed
in Table 1. We have further analyzed our elasticity data using a
more complete version of third-order Eulerian strain equation de-
rived from Helmholtz free energy in Eulerian finite strain that has
been reported in Stixrude and Lithgow-Bertelloni (2005). The re-
sults between the two methods, Birch (1978) and Stixrude and
Lithgow-Bertelloni (2005) are consistent with each other within
uncertainties (see Table S4 for details). The aggregate V P and V S

velocities at high P –T conditions (Fig. 5) were also calculated us-
ing:

V P =
√

K S + 4
3 G

ρ
, V S =

√
G

ρ
.

The measured elastic constants of magnesite at high P –T per-
mit us to evaluate its azimuthal velocity anisotropy which de-
scribes the velocity as a function of the wave propagation direction
(Fig. 6). The V P and V S velocities propagation normal and par-
allel to the rotation axis show that V P travels fastest along the
[2,1,1,0] direction and slowest along the rotation c-axis, indicat-
ing that the c-axis is the most compliant orientation. Furthermore,
the V S1 is slowest along the [2,1, 1,0] direction and fastest along
the c-axis, while V S2 propagates fastest along the [0,1,1,0] and
Fig. 5. Aggregate compressional and shear velocity of magnesite at representative
pressure and temperature. Open circles: experimental data; solid lines: modeled re-
sults. A third-order Birch–Murnaghan equation of state was applied to model the
high-pressure data, while the high-temperature data were linearly fitted.

slowest along the [2, 1, 1,0] direction. These results immediately
show extremely strong V P and V S anisotropies of magnesite. The
azimuthal V P and V S anisotropies can also be analyzed using the
anisotropy factor (Mainprice et al., 2000). The anisotropy factor for
V P (A P ) is defined as:

A P = 2 × (V P ,max − V P ,min)/(V P ,max + V P ,min) × 100%,

where V P ,max and V P ,min represent the maximum and mini-
mum V P velocities of the mineral, respectively. The polarization
anisotropy factor for V S (A S ; also called as the shear-wave split-
ting factor) is the percentage difference in the velocity of the two
shear waves propagation in a given direction, and is defined as:

A S = (V S1 − V S2)/V S × 100%,

where V S1 and V S2 are two orthogonally polarized V S velocities,
and V S represents aggregate V S velocity. Our results show that
magnesite exhibits the azimuthal V P anisotropy of 26.2% and the
shear wave splitting anisotropy of 36.2% at ambient conditions,
consistent with previous results (Hubert and Plicque, 1972; Hear-
mon, 1984; Chen et al., 2006; Sanchez-Valle et al., 2011) (Table S2).
At elevated high P –T conditions, these anisotropies increase with
increasing P –T ; the anisotropies increases by 4–5% at 13.7 GPa
and approximately 2% at 750 K (Table S1 and Fig. 7).

4. Modeling of velocity and anisotropy profiles for the upper
mantle minerals

Here we report the first high pressure and temperature deriva-
tives of elastic moduli of single-crystal magnesite by BLS experi-
ments, and have applied the high P –T elasticity results to under-
stand the potential effects of magnesite on the seismic velocities
and anisotropies of carbonated eclogite and peridotite. Carbonated
eclogite is believed to carry significant amount of carbon into the
deep upper mantle in which magnesite may exist as an accessory
mineral through subduction-related dehydration or partial melt-
ing processes (Yaxley and Green, 1994; Molina and Poli, 2000).
In addition, magnesite has been found to be likely the only sta-
ble carbonate in the most abundant upper-mantle rock assemblage,
peridotite, at above 3.5 GPa (e.g. Brey et al., 1983, 2008).
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Fig. 6. Velocity of the compressional and shear wave propagation in a single-crystal magnesite. (a) Propagation normal to the rotation axis; (b) parallel to rotation axis. Red,
green and black lines represent V S1, V S2 and V P , respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Azimuthal V P anisotropy and shear wave splitting of single-crystal magnesite at representative pressure and temperature. X1, X2 represent the crystallographic
direction of [2, 1,1,0] and [0,1, 1,0] for hexagonal indexing. Calculations are performed using the petrophysical software Unicef Careware of D. Mainprice (1990).
4.1. Sound velocities of magnesite at relevant P –T conditions of the
upper mantle

Based on our high P –T elasticity results for single-crystal mag-
nesite, we have calculated the aggregate V P and V S profiles
of magnesite using the Voigt–Reuss–Hill averages along an ex-
pected geotherm for cold subducted slabs and for the normal up-
per mantle, respectively (Dziewonski and Anderson, 1981; Brown
and Shankland, 1981; Peacock, 2003) (Fig. 8). For direct compar-
ison, seismic profiles of major minerals in upper-mantle eclogite
and peridotite rock assemblages were calculated including olivine
(Isaak, 1992; Zha et al., 1998; Liu and Li, 2006), clinopyroxene
(Cameron, 1973; Finger and Ohashi, 1976; Duffy and Anderson,
1989; Collins and Brown, 1998), orthopyroxene (Chai et al., 1997;
Jackson et al., 2003, 2007), and garnet (Thieblot et al., 1998;
Lu et al., 2013) (Fig. 8). Literature values for K S , G , and the ther-
mal expansion coefficients were used for the calculations. Briefly,
these values were further evaluated along a normally expected
upper-mantle geotherm (Dziewonski and Anderson, 1981; Brown
and Shankland, 1981) and a cold slab geotherm (Peacock, 2003) by
extrapolating the experimentally-derived elastic moduli and their
P –T derivatives to relevant P –T conditions using the third-order
Eulerian finite-strain and Birch–Murnaghan EoS (Birch, 1978). Our
modeled P –T conditions focus on the upper-mantle region ranging
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Fig. 8. Modeled velocities of the major constituent minerals in peridotite and eclog-
ite along an expected normal-mantle geotherm (Dziewonski and Anderson, 1981;
Brown and Shankland, 1981) and an expected subducting-slab geotherm (Peacock,
2003). Red lines: magnesite (Mag) (this study); blue lines: garnet (Gt) (Thieblot et
al., 1998; Lu et al., 2013); green lines: olivine (Ol) (Isaak, 1992; Zha et al., 1998;
Liu and Li, 2006); magenta lines: Orthopyroxene (Opx) (Chai et al., 1997; Jackson
et al., 2003, 2007); black lines: clinopyroxene (Cpx) (Cameron, 1973; Finger and
Ohashi, 1976; Duffy and Anderson, 1989; Collins and Brown, 1998). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

from 200-km to 410-km depth, because the mineralogical, geo-
chemical, and seismic heterogeneities above 200 km depth are
much more complex (Jordan, 1975; Grand and Helmberger, 1984;
Hofmann, 2003). Specifically, the existence of the low-velocity zone
at approximately 200 km depth would require further consid-
erations of a partially-melted mantle model (Zhao et al., 1992;
Webb and Forsyth, 1998).

Our modeled velocities show that magnesite and clinopyroxene
have the lowest V P and V S among all mantle minerals along a
normal geotherm, while garnet has the highest velocity. Along a
cold slab geotherm, however, the V P and V S velocities of magne-
site are closer to that of olivine, rather than that of clinopyroxene
with the lowest velocity profiles. This difference can be understood
in terms of the sensitivity of the elastic moduli of magnesite to
change in temperature that is larger than that of the aforemen-
tioned major mantle minerals. The dK/dT and dG/dT of magne-
site are −0.024 (±0.002) GPa/K and −0.0148 (±0.0007) GPa/K,
respectively, while clinopyroxene has dK/dT = −0.013 GPa/K and
dG/dT = −0.01 GPa/K (Duffy and Anderson, 1989). Considering
the average Fe/Mg molar ratio of approximately 0.12 in the Earth’s
mantle (McDonough and Sun, 1995), magnesite is expected to con-
tain approximately 15 wt.% iron in the upper mantle (e.g. Dasgupta
et al., 2004). The addition of 15 wt.% iron in magnesite is expected
to decrease the velocity profiles by 3–4% at ambient condition
(Sanchez-Valle et al., 2011), although the effect of iron on the elas-
ticity of magnesite at high P –T conditions remains to be further
investigated (Lin et al., 2012).

4.2. Velocity profiles of the carbon-bearing eclogite and peridotite

To further evaluate the effect of carbonate presence on the seis-
mic velocity profiles of the Earth’s upper mantle and to place
constraints on the seismic detectability of the deep-mantle car-
bonate, we have also calculated the velocity profiles of eclogite
and peridotite containing 5 wt.% CO2 in the form of magnesite
Fig. 9. Modeled velocity profiles of carbon-free and carbon-bearing peridotite
and eclogite along an expected normal-mantle geotherm in the upper mantle
(Dziewonski and Anderson, 1981; Brown and Shankland, 1981). Mineralogical com-
positions and proportions are: for carbon-free eclogite: 53.3 wt.% garnet and
46.7 wt.% clinopyroxene; for carbon-free peridotite: 59.3 wt.% olivine, 12.8 wt.%
clinopyroxene, 11.4 wt.% orthopyroxene, 16.5 wt.% garnet. 5 wt.% CO2 (10 wt.%
MgCO3 in eclogite and 10 wt.% in peridotite) content in the form of magnesite
was used in the compositional model for the carbon-bearing eclogite and peridotite
(Dasgupta et al., 2004; Dasgupta and Hirschmann, 2006).

(Fig. 9). Here we have used the mineral proportions reported
for carbonated eclogite (Dasgupta et al., 2004) and peridotite
(Dasgupta and Hirschmann, 2006) as representative references for
comparisons of the velocity profiles. The mineral assemblage in
carbon-free eclogite model includes approximately 53.3 wt.% gar-
net and 46.7 wt.% clinopyroxene, while carbon-free peridotite in-
cludes 59.3 wt.% olivine, 12.8 wt.% clinopyroxene, 11.4 wt.% or-
thopyroxene, and 16.5 wt.% garnet. 5 wt.% CO2 (10 wt.% MgCO3
in eclogite and 10 wt.% in peridotite) content in the form of mag-
nesite was used in the compositional modeling as a carbonated
eclogite and peridotite in order to better understand the sensi-
tivity of the carbonation effects, although these rock assemblages
are expected to contain much less CO2 (Dasgupta and Hirschmann,
2010). Our modeled results along a normally expected geotherm
(Dziewonski and Anderson, 1981; Brown and Shankland, 1981)
show that addition of 5 wt.% CO2 decreases the V P and V S by
less than 1%, while the change is less than 0.5% along an expected
geotherm for a cold subducted slab (Peacock, 2003) (Fig. 9). We
note that standard propagations of the errors involved in these cal-
culations show that the standard deviation (±σ ) in the V P and V S

values is approximately 2% (Fig. 9), meaning that these changes in
the V P and V S profiles are all within the uncertainty and can be
considered as negligible from a mineral physics prospective.

4.3. V P and V S anisotropy of magnesite at relevant P –T conditions of
the upper mantle

Using the modeled elastic constants of magnesite at expected
P –T conditions of the upper mantle, the azimuthal V P anisotropy
and shear-wave splitting of magnesite are calculated along a nor-
mal geotherm (Fig. S1). V P and V S anisotropies of other major
minerals expected to be present in the peridotite and eclogite
assemblages are also calculated for comparison including olivine
(Isaak, 1992; Abramson et al., 1997; Zha et al., 1998; Liu and Li,
2006), orthopyroxene (Chai et al., 1997; Jackson et al., 2003, 2007),
clinopyroxene (Finger and Ohashi, 1976; Matsui and Busing, 1984;
Isaak et al., 2006), and garnet (Thieblot et al., 1998; Lu et al., 2013).
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Magnesite exhibits approximately 37–41% azimuthal V P anisotropy
and 45–49% shear wave splitting anisotropy at expected P –T con-
ditions of the upper mantle. These results show that magnesite
exhibits much larger V P and V S anisotropies than other major
mantle minerals and that these anisotropies increase with increas-
ing depth.

5. Deep-Earth implications and conclusions

Recent geophysical and geochemical studies have shown that
peridotite and eclogite are the most likely rock assemblages in
deeper upper mantle and subduction zones (Nicolas and Chris-
tensen, 1987; Johnson et al., 1990; Spandler et al., 2003), respec-
tively, in which they may contain amounts of CO2 in the form
of accessory iron-bearing magnesite, ferromagnesite, with approx-
imately 15 wt.% iron (e.g. Dasgupta et al., 2004). Ferromagnesite
can be transported into these regions through the subduction of
carbonate minerals in subducted slabs, and remains stable as a ma-
jor deep-carbon host (Luth, 1999). Our modeled velocity profiles of
magnesite at relevant P –T conditions of the upper mantle indicate
that the existence of 5 wt.% CO2 in the form of magnesite only pro-
duces less than 1% reductions in V P and V S velocities as compared
to the carbon-free counterparts. Considering the uncertainties in
our results as well as seismic models, we thus conclude that seis-
mic observations of the moderately carbonated regions that are of
relevant geochemical abundances in the upper mantle will be chal-
lenging.

An electronic high-spin to low-spin transition of iron has been
recently reported to occur in ferromagnesite (Mg0.35Fe0.65)CO3 at
approximately 45 GPa (∼1000 km in depth) (Lin et al., 2012,
2013). The transition of iron in ferromagnesite from the high-spin
to the low-spin state results in a density increase by approximately
6% and an incompressibility increase by 8% (Lavina et al., 2009,
2010; Lin et al., 2012, 2013), indicating that low-spin ferromagne-
site can become relatively denser than the high-spin counterpart
below the middle part of the lower mantle. Changes in the sound
velocities within the spin transition of iron in the lower-mantle fer-
ropericlase have also been reported recently (e.g. Lin et al., 2013;
Marquardt et al., 2009; Wu et al., 2013). It is thus conceivable that
the spin transition can also affect the sound velocities of ferromag-
nesite, influencing the modeled seismic profiles presented here.

Our modeled results for elastic anisotropies show that mag-
nesite exhibits approximately 37–41% V P anisotropy and 46–49%
V S splitting anisotropy at upper-mantle P –T conditions, making it
the highest anisotropic mineral when compared with other major
mantle minerals (Fig. S1). Furthermore, the anisotropies of mag-
nesite increase with increasing P –T (depth) that is in contrast to
most other major upper-mantle minerals. Given the fact that car-
bonates (e.g. calcite, magnesite, dolomite) are markedly weaker in
creep strength than other major minerals in peridotite and eclogite
assemblages (Schneider, 1976; Karato, 1989) and that they tend to
develop fabrics under deviatoric stress or plastic flow conditions
(Schmid et al., 1987; Rutter et al., 1994), it is thus possible that
seismic velocity anisotropies can be used as a diagnostic feature
for detections of the highly carbonated materials containing tex-
tured magnesite in the Earth’s mantle. Recent studies have indeed
demonstrated that carbonation of peridotite may produce high
seismic anisotropy due to the high elastic anisotropy of carbon-
ate minerals (Brownlee et al., 2013). Recent results on the lattice
preferred orientation (LPO) or fabrics have shown that calcite can
develop a moderately strong crystallographic preferred orientation
with the c-axes sub-perpendicular to a foliation developed during
localized high-pressure deformations (Brady et al., 2004), which
can be used as an analog to understand the deformation of mag-
nesite in the mantle. If magnesite develops similar fabrics in the
carbonated peridotite and eclogite, its minimum P -wave velocity
would likely be normal to the foliation while the maximum shear
wave splitting will be sub-parallel to the foliation. Future studies
on the deformation mechanism of magnesite in the carbonated
eclogite and peridotite at relevant P –T condition are needed to
shed new light on the role of the magnesite carbonate on seismic
anisotropies of the Earth’s upper mantle.
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