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a b s t r a c t

Elastic properties of the major constituent minerals in the Earth’s upper mantle at relevant high

pressure–temperature (P–T ) conditions are crucial for understanding the composition and seismic

velocity structures of this region. In this study, for the first time, we have measured the single-crystal

elasticity of natural Fe-bearing pyrope, Mg2.04Fe0.74Ca0.16Mn0.05Al2Si3O12, using in situ Brillouin

spectroscopy and X-ray diffraction at simultaneous high P–T conditions up to 20 GPa and 750 K in

an externally-heated diamond anvil cell. The derived aggregate adiabatic bulk and shear moduli (KS0,

G0) at ambient conditions are 168.2 (71.8) GPa (the value in parentheses represents propagated

uncertainties 71s) and 92.1 (71.1) GPa, respectively, consistent with literature results. Using the

third-order Eulerian finite-strain equation to model the high P–T data, the derived pressure derivatives

of the

bulk and shear moduli at constant temperature are (@KS/@P)T¼4.4 (70.1) and (@G/@P)T¼1.2 (70.1),

respectively, whereas the temperature derivatives of these moduli at constant pressure are

(@KS/@T)P¼�16.8 (71.3) MPa/K and (@G/@T)P¼�5.1 (71.1) MPa/K, respectively. Compared to litera-

ture values, our results show that addition of 25 mol% Fe in pyrope increases the pressure derivative of

the bulk modulus by 7%, but has a negligible effect on other elastic parameters. Extrapolation of our results

shows that Fe-bearing pyrope remains almost elastically isotropic at relevant P–T conditions of the upper

mantle, indicating that it may not have a significant contribution to seismic VP and VS anisotropy in the

upper mantle. Together with the elasticity of olivine and pyroxene minerals in the upper mantle, we have

constructed new velocity profiles for two representative compositional models, pyrolite and piclogite, along

a representative geotherm of the Earth’s upper mantle. These velocity models show VS profiles consistent

with seismic observations, although VP profiles are slightly lower than global seismic observations. Our

analyses also show that approximately 30% garnet in a mineralogical model is needed to best match both

seismic VP and VS profiles of the region, although such high garnet content needs to be reconciled with our

current geochemical understanding. Our results here provide new insights into seismic profiles and

mineralogical models of the upper mantle region.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Iron-bearing pyrope is an abundant mineral in the Earth’s
upper mantle. According to the pyrolitic compositional model,
Earth’s upper mantle (e.g. up to approximately 410 km depth) is
mainly composed of �63% olivine, �22% pyroxene, and �15%
garnet by volume (Ringwood, 1975; Ita and Stixrude, 1992). With
increasing depth, the volume fraction of garnet could increase to
40% or more because pyroxene is expected to dissolve into garnet
and transform into majoritic garnet solid solution starting at
the base of the upper mantle (Ringwood, 1967, 1991; Ita and
Stixrude, 1992; Fei and Bertka, 1999). Due to its stability in the

transition zone, majoritic garnet is one of the most abundant
minerals in that region. Garnet is also abundantly present in the
mineral assemblage of eclogites formed from high-pressure mafic
rocks (Poli, 1993). Upper-mantle garnet is mainly composed of
pyrope (Mg3Al2Si3O12), with �6–23% iron and �2–15% calcium
substituting for magnesium (Rickwood et al., 1968; Sinogeikin
and Bass, 2002; Lee, 2003). The presence of Fe2þ and Ca2þ in the
system has been known to affect a number of physical properties
of pyrope, including elasticity (e.g. Verma, 1960; Sumino and
Nishizawa, 1978; Suzuki and Anderson, 1983), electrical conduc-
tivity (e.g. Romano et al., 2006; Dai and Karato, 2009), and
thermal conductivity (e.g. Kanamori et al., 1968; Giesting and
Hofmeister, 2002).

Considering the abundance of garnet in the Earth’s upper
mantle and transition zone, experimental studies on the elasticity
of iron-bearing pyrope with a relevant composition at upper-
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mantle P–T conditions have significant implications for con-
straining seismic observations and for understanding the chemi-
cal composition of the deep Earth (e.g. Bass and Anderson, 1984;
Duffy and Anderson, 1989; Cammarano et al., 2003; Li and
Liebermann, 2007). There have been a number of previous measure-
ments on the elasticity of pyrope-rich garnet at high pressures and
room temperature (e.g. Chen et al., 1999; Conrad et al., 1999;
Sinogeikin and Bass, 2000) or at room pressure and high tempera-
tures (e.g. Sumino and Nishizawa, 1978; Suzuki and Anderson,
1983; Sinogeikin and Bass, 2002). Additionally, ultrasonic measure-
ments on the sound velocities of polycrystalline Mg-end member
pyrope have been reported up to 9 GPa and 1300 K (Gwanmesia
et al., 2006, 2007), yet laboratory measurements on the single-
crystal elasticity of iron-bearing pyrope at relevant chemical and P–T

conditions of the upper mantle remain lacking.
In the upper mantle, seismological studies have revealed the

existence of global azimuthal anisotropies (e.g. Hess, 1964; Raitt
et al., 1969), shear wave (VS) polarization anisotropies (e.g. Ando
et al., 1980; Montagner and Tanimoto, 1990) and their regional
variations (e.g. Silver and Chan, 1991). Montagner and Kennett
(1996) have reported shear wave and compressional wave aniso-
tropies of the upper mantle, x¼(VSH/VSV)2 and j¼(VPV/VPH)2,
where the subscript H represents the seismic wave velocity in
the horizontal direction, and the subscript V represents the
vertical direction in several global seismic models. In the
AK135-f Earth model (Kennett, 1991; Kennett et al., 1995), for
example, x decreases from �1.06 to 1 with increasing depth
from the surface to 400 km depth in the upper mantle, while j
increases from �0.94 to 1. It has been proposed that the observed
seismic anisotropy is a result of the lattice-preferred orientation
and elastic anisotropies of major minerals in the upper mantle
(e.g. Kawasaki and Konno, 1984; Mainprice et al., 2000). Under-
standing and interpreting the observed seismic anisotropy thus
requires detailed knowledge of the single-crystal elasticity of the
constituent minerals in the upper mantle.

In this study, for the first time, we have measured the single-
crystal elasticity of iron-bearing pyrope with 25 mol% Fe up to
20 GPa and 750 K using in situ Brillouin spectroscopy and X-ray
diffraction in an externally-heated diamond anvil cell (EHDAC).
We have evaluated high P–T and iron compositional effects on
the sound velocities of garnet as well as its VP and VS anisotropies
to aid our current understanding of seismic velocity and miner-
alogical models of the upper mantle.

2. Experimental details

Natural single crystals of Fe-bearing pyrope, (Mg2.04Fe0.74

Ca0.16Mn0.05)Al2Si3O12, from East Africa were analyzed for chemi-
cal composition by electron microprobe (JEOL 8200) and lattice
parameters by X-ray diffraction. These analyses showed that the
samples, with a lattice parameter a¼11.5041 (70.0021) Å (cubic
system), were chemically homogeneous with 24.7 (70.1) mol%
Fe, 5.3 (70.1) mol% Ca, and 1.7 (70.1) mol% Mn. The orientation
of the sample platelets was determined by single-crystal X-ray
diffraction (XRD) at the Texas Materials Institute of the University
of Texas at Austin (UT-Austin) and the GSECARS sector of the
Advanced Photon Source (APS), Argonne National Laboratory
(ANL). Sample platelets were doubled-side polished down to
approximately 15–35 mm thick in (110) crystallographic orienta-
tion or in an orientation close to (�0.21, 0.92, 0.34), which was
randomly selected from polished platelets. The use of the (110)
platelets permits determination of the elastic constants (C11, C12,
C44) along principal /100S, /110S and /111S axes based on the

following equations:

rV2
P/100S ¼ C11 ð1Þ

rV2
S/100S ¼ C44 ð2Þ

rV2
P/110S ¼ C11þ2C44þC12ð Þ=2 ð3Þ

rV2
S/111S ¼ C11þC44�C12ð Þ=3 ð4Þ

where the subscript /uvwS indicates the symmetry family of
directions corresponding to the scattering wave vector, and r
indicates the density. The platelet with the general (or non-
special) orientation was used for further confirmation of the
measured elasticity. A cylindrical hole of 220 mm in diameter
was drilled in 50–60 mm thick pre-indented Re gaskets and used
as the sample chamber. A single-crystal platelet was loaded into
the sample chamber of an EHDAC which had Pt wires as the
external resistive heating element (Mao et al., 2012). In total,
seven separate platelets were used in the experiments for high
P–T Brillouin and/or XRD experiments. Ne was loaded in the
chamber as the pressure medium for all experiments. Au powder
was loaded close to the sample as the pressure calibrant (Fei et al.,
2007), and ruby spheres next to the sample were used as a
pressure scale at high pressures and room temperature (Mao
et al., 1986). A K-type thermocouple was attached to the diamond
surface approximately 500 mm away from the diamond culet for
temperature measurements.

High P–T Brillouin measurements were performed at GSECARS
of APS, ANL up to 20 GPa with temperatures of 300, 500, and
750 K (Sinogeikin et al., 2006). The temperature was kept below
750 K to avoid potential oxidation and failure of diamonds and
heaters from resistive heating. A series of XRD patterns of the Au
pressure calibrant were collected for pressure determinations at
high P–T to ensure the pressure stability of the experiments.
Brillouin measurements were only conducted when no significant
shift in pressure determined from the XRD patterns was observed.
These XRD patterns of pyrope were also used to determine the
density of the sample at high P–T conditions. High-pressure
Brillouin measurements at 300 K were also conducted at the
Mineral Physics Laboratory of UT-Austin using the newly built
Brillouin spectroscopic system. The Brillouin setup at UT-Austin is
equipped with a Coherent Verdi 532 nm laser, a photomultiplier
tube (PMT) which provides a low dark count rate (o2 counts/s),
and a JRS six-pass tandem Fabry–Perot Interferometer. The laser
beam can be focused to approximately 20 mm beam diameter at
the sample position. The scattering angle has been set to 501 and
calibrated using previously reported elastic constants of silicate
glass (Polian et al., 2002), distilled water (Ostwald et al., 1977)
and single-crystal MgO calibrants (Sinogeikin and Bass, 2000).
XRD patterns of the sample were also collected at the High-
Pressure Collaborative Access Team (HPCAT) sector of APS, ANL to
evaluate the pressure–density equation of state (EoS) of the
sample at 300 K (Birch, 1978).

3. Results

High P–T Brillouin and XRD spectra were collected up to
20 GPa and 750 K. Most of the Brillouin spectra showed strong VP

and VS peaks with high signal-to-noise ratios except for some
crystallographic directions where VP peaks were weakly observa-
ble. Although two polarized VS peaks were expected to exist,
only one VS peak was observed in our study, likely a result of two
overlapping VS peaks due to the small anisotropy (Fig. 1). The
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variation in VP and VS as a function of the azimuthal angle was not
observed outside experimental uncertainties (Fig. 1). Both VP and
VS peaks of the Ne medium were also observed at pressures below
�8 GPa, but they were not as visible when pressure increased.
Analysis of the results for the elastic constants from the
pre-oriented (110) platelets and from general orientation plate-
lets show that VP and VS are consistent within experimental
uncertainties (Fig. 2).

Single-crystal elastic constants (Cij) of the sample were
obtained by fitting the measured spatial dispersion (velocity vs.
orientation) of acoustic VP and VS velocities to Christoffel’s
equation using non-linear least squares methods (Fig. 2) (Every,
1980):

9Cijklnjnl�rV2dik9¼ 0 ð5Þ

where Cijkl are the elastic constants in full four-indices notation,
which can be simplified using reduced Voigt notation Cij. ni is the
direction cosines of the phonon propagation direction and is
described by three Eulerian angles (y, w, j), V is the measured
acoustic velocity, and dik is the Kronecker delta. As shown in
previous studies (e.g. Sinogeikin and Bass, 2000), the elastic
constants of pyrope can be obtained by averaging the measured
acoustic velocities over several non-symmetric directions,
because pyrope is nearly elastically isotropic up to 20 GPa at
300 K. We note that the elastic constants of Fe-bearing pyrope
obtained from the least-squares fitting to the Christoffel’s equa-
tion are indistinguishable within experimental uncertainties from
those derived from averaging the measured velocity assuming
isotropic elastic constants (Table 1).

Using the derived elastic constants of the sample, we have
calculated the aggregate adiabatic bulk and shear moduli (KS and G)
using the Voigt–Ruess–Hill averages (Hill, 1952):

KS ¼ C11�2C=3 ð6Þ

G¼ ½ C=5þ3C44=5
� �

þ5C44C= 4C44þ3Cð Þ�=2 ð7Þ

C ¼ C11�C12 ð8Þ

The derived KS0 and G0 at ambient conditions are 168.2 (71.8) GPa
and 92.1 (71.1) GPa, respectively. 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
(Birch, 1978):

KS ¼ KS0 1þ2fð Þ
5=2 1þ½3 @KS=@P

� �
T
�5�f

� �
ð9Þ

G¼ 1þ2fð Þ
5=2 G0þ½3 @G=@P

� �
T
KS0�5G0�f

� �
ð10Þ

f ¼ 1=2
� �

½ r=r0

� �2=3
�1� ð11Þ

where (@KS/@P)T and (@G/@P)T are the pressure derivatives of the bulk
and shear moduli, respectively, at constant temperature, f is the
normalized strain, r is density at a given pressure, and r0 is the
density at ambient conditions. Considering the well-known tradeoff
between KT0 and (@KT/@P)T in third order Birch–Murnaghan EoS
fitting, we have adopted the following procedures to ensure the
robustness of our fitting results. Thermal EoS parameters from the
literature were first used for calculating the density values for the
initial finite-strain fitting (Sinogeikin and Bass, 2000). Once (@KS/@P)T

was obtained from the modeling, the KS and (@KS/@P)T were
converted to the isothermal KT and (@KT/@P)T using the following
thermodynamic relations (Jiang et al., 2004):

KT0 ¼ KS0= 1þagT
� �

ð12Þ

@KT=@P
� �

T
� 1þagT
� ��1

½ @KS=@P
� �

T
� gT=KT0

� �
@KT=@T
� �

P
� ð13Þ

where (@KT/@T)P is the temperature derivative of KT at constant
pressure, a is the volume thermal expansion coefficient (Fei, 1995),
and g is the Grüneisen parameter (Gillet et al., 1992). The pressure–
density curve at 300 K from our single-crystal X-ray diffraction
study was also fitted to the third-order Birch–Murnaghan EoS
(Birch, 1978) using a fixed (@KT/@P)T from Eq. (13):

P¼ 3KT0f 1þ2fð Þ
5=2 1þ 3=2

� �
½ @KT=@P
� �

T
�4�f

� �
ð14Þ

Differences in KT using Eqs. (12) and (14) were further used to
improve the trial density values. These aforementioned procedures
were repeated until both KT and (@KT/@P)T were self-consistent with
satisfactory density values. With the thermal EoS values determined,
the pressure derivatives of the three elastic constants and the bulk
and shear moduli were derived to be: (@C11/@P)T¼6.0 (70.1), (@C12/
@P)T¼3.5 (70.1), (@C44/@P)T¼1.2 (70.1), (@KS/@P)T¼4.4 (70.1), and
(@G/@P)T¼1.2 (70.1) (Table 2), using the third-order Eulerian finite-
strain equations (Birch, 1978).

Due to limited data points at high temperature, a linear
equation was applied to obtain the temperature derivatives of
the elastic moduli at high pressures to evaluate the temperature
effect under high pressure (Gwanmesia et al., 2006, 2007; Irifune

Fig. 1. Representative Brillouin spectra of Fe-bearing pyrope. (a) Ambient condi-

tions; (b) 13 GPa and 750 K; (c) photomicrograph of the sample chamber in an

EHDAC after gas loading; (d) VP and VS velocities of the Fe-bearing pyrope as

a function of the azimuthal angle from a (110) platelet. Blue symbols: ambient

conditions; red symbols: 7 GPa and 750 K; solid lines: modeled results (Eq. (5)).

Error bars are smaller than the symbols when not shown. Crystallographic

directions /100S, /111S and /110S are labeled for clarity. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 1
Single-crystal elastic moduli of the Fe-bearing pyrope values from two different

models (fitted and averaged) are listed for comparison.

1 bar, 300 K 20 GPa, 750 K

Fitteda Cij Averagedb Cij Fitteda Cij Averagedb Cij

C11 (GPa) 290.4 (71.8) 290.9 (73.3) 393.3 (72.4) 395.1 (74.0)

C12 (GPa) 106.2 (72.0) 106.8 (71.1) 170.9 (72.4) 171.4 (71.4)

C44 (GPa) 92.2 (70.6) 92.1 (71.1) 112.1 (71.0) 111.9 (71.3)

Ks (GPa) 168.5 (71.9) 168.2 (71.8) 245.0 (72.0) 246.0 (72.3)

G (GPa) 91.9 (71.1) 92.1 (71.1) 111.5 (70.3) 111.9 (71.3)

a Fitted Cij: Cij were obtained from fitting the measured velocity to the

Christoffels’ equation.
b Averaged Cij: Cij were obtained from averaging the measured velocity

assuming elastic isotropy of Fe-bearing pyrope.
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et al., 2008):

M¼M0þ P�P0ð Þ @M=@P
� �

T
þ T�T0ð Þ @M=@T

� �
P

ð15Þ

where M is either the Cij or the elastic moduli (KS and G), and
P0 and T0 are ambient pressure and temperature, respectively.
The temperature derivatives of the elastic constants and moduli
are: (@C11/@T)P¼�20.5 (74.0) MPa/K, (@C12/@T)P¼�16.3 (70.5)
MPa/K, (@C44/@T)P¼�3.4 (71.4) MPa/K, (@KS/@T)P¼�16.5 (72.0)
MPa/K and (@G/@T)P¼�3.6 (71.4) MPa/K (Figs. 2 and 3 and
Tables 2 and 3). We note that the second-order derivatives of the
elastic moduli such as @2KS/(@P@T) and @2G/(@P@T) of pyrope, which
represent the coupling effects of P and T on KS and G, are expected to
be very small (in the order of 10�4 K�1) (Gwanmesia et al., 2007) and
are neglected in our model. The temperature derivatives of the elastic
moduli were also evaluated with fixed KS0 and (@KS/@P)T values from
room temperature study in the linear fitting procedure (see Eq. (15)),
because the M0 and (@M/@P)T values are better constrained at room
temperature with more experimental data points. These combined
procedures are referred to as the revised linear fitting method in the
discussion below (Tables 2 and 3).

4. Discussion

4.1. The effect of iron on the elasticity of pyrope at high P–T

In order to understand the effect of Fe on the elasticity of the
pyrope–almandine joint, we have compared our results to litera-
ture values obtained from Brillouin scattering and ultrasonic
interferometer measurements (Figs. 4 and 5 and Table 2) (Verma,
1960; Soga, 1967; Bonczar et al., 1977; Leitner et al., 1980; Webb,
1989; O’Neill et al., 1991; Chen et al., 1997, 1999; Conrad et al.,

1999; Sinogeikin and Bass, 2000; Wang and Ji, 2001; Jiang et al.,
2004; Gwanmesia et al., 2006, 2007). Here the potential effect of
Ca and Mn on the elasticity of pyrope is not considered because
of their limited amounts in the studied samples. At ambient
conditions, comparative analysis of these results show that
addition of Fe does not show a visible effect on the KS, G and
(@G/@P)T of pyrope within experimental uncertainties, although
increasing the Fe content in pyrope appears to have a weak
positive effect on the (@KS/@P)T in results obtained from the same
Brillouin technique (Fig. 4). Specifically, our derived (@KS/@P)T for
pyrope with 25 mol% Fe is �7% greater than that of pure pyrope
(Sinogeikin and Bass, 2000), but �6% lower than that with
72 mol% Fe (Jiang et al., 2004).

Due to the well-known tradeoff between the derived elastic
modulus and its pressure derivative values in EoS fittings, we
have plotted the Ks and G of three representative compositions in
pyrope–almandine system at high pressures using Brillouin
scattering results (Fig. 5). Comparison of pure pyrope and our
results shows that adding 25 mol% Fe to pyrope does not affect
the bulk modulus but may slightly reduce the shear modulus at
high pressures, while a previous study on pyrope with 72 mol% Fe
by Jiang et al. (2004) shows that adding Fe will increase both bulk
and shear modulus. Jacobsen et al. (2002) have reported that the
Fe effect on elasticity in some single-crystal minerals may not
be a simple linear function. In their study, adding Fe to MgO
can increase its adiabatic bulk modulus up to �10 mol% of FeO,
but (Mg,Fe)O with more than �60 mol% FeO has a lower bulk
modulus than its pure MgO counterpart. Systematic studies on
the pyrope–almandine samples using similar experimental tech-
niques and conditions are needed in the future to further clarify

Fig. 2. Single-crystal elastic constants of the Fe-bearing pyrope at high P–T from

(110) and random orientation platelets. Blue, green and red circles: experimental

values at 300 K, 500 K and 750 K, respectively; blue, green and red solid lines:

modeled results at 300 K, 500 K and 750 K from linear fitting, respectively (see

Eq. (15) for details). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 3. Equation of state and aggregate bulk and shear moduli of the Fe-bearing

pyrope. (a) Pressure–density relation of Fe-bearing pyrope; (b) adiabatic bulk

modulus (KS); (c) shear modulus (G). Blue, green and red circles: experimental data

at 300 K, 500 K and 750 K, respectively. A third-order Birch–Murnaghan equation of

state was applied to fit the data from high P–T (300 K, 500 K and 750 K) X-ray

diffraction, whereas KS and G were analyzed using the linear fitting (blue, green and

red solid lines) (see Eqs. (14) and (15)). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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the Fe effect on elasticity in pyrope and to explain the difference
between these studies.

We have also compared the temperature derivatives of the
bulk and shear moduli in Fe-bearing pyrope to the literature
results (Table 3) (Soga, 1967; Bonczar et al., 1977; Sumino and
Nishizawa, 1978; Suzuki and Anderson, 1983; Sinogeikin and
Bass, 2002; Gwanmesia et al., 2006, 2007). Our derived (@KS/@T)P

for Fe-bearing pyrope is in good agreement with that determined
by both Brillouin and ultrasonic methods for pure-pyrope within
experimental uncertainties (e.g. Sinogeikin and Bass, 2002;
Gwanmesia et al., 2006). We also note that the effect of tempera-
ture on the shear modulus (@G/@T)P obtained in this study is much
smaller than that of previous works (e.g. Sinogeikin and Bass,
2002; Gwanmesia et al., 2006). The (@G/@T)P obtained either from
the linear fitting or the ‘‘revised linear fitting’’ method are both
listed in Table 3. The difference in (@G/@T)P between this study and
previous works may be partly caused by the tradeoff between G0,

(@G/@P)T and (@G/@T)P in deriving (@G/@T)P from the high P–T

measurements. For example, our analyses show that a variation
in G0 by 2% or in (@G/@P)T by 15% can result in a 100–200% change
in (@G/@T)P, even though these variations in G0 or (@G/@P)T are still
within the experimental uncertainties of the current study, indicat-
ing that the precision in these derived parameters are strongly
correlated in both linear and revised linear fitting methods. To better
constrain (@G/@T)P, further examinations through high-precision,
high P–T experiments on the pyrope–almandine system are needed.

4.2. Implication for the Earth’s upper mantle

With our updated single-crystal elasticity data of iron-bearing
pyrope, here we have calculated elastic VP and VS anisotropies of
the major upper-mantle minerals. The region above 200 km was
not considered in the calculations here because of the complexity
in mineral assemblage, chemical heterogeneity and large seismic

Table 2
Bulk and shear moduli and their pressure derivatives of the pyrope–almandine garnets.a

Study Pmax Compositionb KS0 (@KS/@P)T G0 (@G/@P)T

(GPa) (GPa) (GPa)

Brillouin scattering
This study (revised) 24.6 Py68Alm24Gr5Sp1 168.2 (71.8) 4.4 (70.1) 92.1 (71.1) 1.2 (70.1)

This study (linear) 24.6 Py68Alm24Gr5Sp1 169.9 (70.7) 4.1 (70.1) 93.2 (70.6) 1.0 (70.1)

Sinogeikin and Bass (2000) 20 Py100 171.2 (72.0) 4.1 (70.3) 93.7 (72.0) 1.3 (70.2)

Conrad et al. (1999) 8.75 Py100 172.7c 3.2c 92.0c 1.4c

Leitner et al. (1980) 0 Py100 177.0 (71.0) 89.0 (71.0)

O’Neill et al. (1991) 0 Py100 172.8 (70.3) 92.0 (70.2)

O’Neill et al. (1991) 0 Py90Alm8Gr2 172.4 (70.7) 93.2 (70.5)

Jiang et al. (2004) 12 Py20Alm72Gr3Sp3And2 174.9 (71.6) 4.7 (70.3) 95.6 (70.5) 1.4 (70.1)

Ultrasonic interferometry
Chen et al. (1999) 10 Py100 171.0 (72.0) 5.3 (70.4) 92.0 (71.0) 1.6 (70.2)

Gwanmesia et al. (2006) 8.7 Py100 175.0 (72.0) 3.9 (70.3) 91.0 (71.0) 1.7 (70.2)

Gwanmesia et al. (2007) 0.3 Py100 166.0 (70.2) 92.2 (71.0)

Chen et al. (1997) 0 Py98Alm2 173.0c 92c

Wang and Ji (2001) 3 Py94Alm6 170.1 (71.1) 4.9 (70.6) 90.2 (70.7) 2.1 (70.2)

Bonczar et al. (1977) 1 Py61Alm36Gr2 168.2 (70.4) 4.7 (70.2)

Webb (1989) 3 Py61Alm36Gr2 173.6 (70.4) 4.9 (70.1) 94.9c 1.56c

Chen et al. (1997) 0 Py27Alm73 175.0c 99.0c

Soga (1967) 0.3 Py21Alm76Gr3 177.0c 5.4c 94.3c 1.4c

Verma (1960) 0 Py14Alm81Ca4Sp1 176.5c 95.1c

Wang and Ji (2001) 3 Alm100 175.1 (70.9) 6.2 (70.5) 92.1 (70.5) 1.6 (70.2)

a Only Brillouin scattering and ultrasonic interferometry results are listed for pyrope–almandine garnets.
b Py: pyrope, Mg3Al2Si3O12; Alm: almandine, Fe3Al2Si3O12; Gr: grossular, Ca3Al2Si3O12; Sp: spessartine, Mn3Al2Si3O12; And: Ca3Fe2Si3O12.
c The uncertainty is not available in the text.

Table 3
Bulk and shear moduli and their temperature derivatives of the pyrope–almandine garnets.a

Study Compositionb KS0 (@KS/@T)P KT0 (@KT/@T)P G0 (@G/@T)P

(GPa) (MPa/K) (GPa) (MPa/K) (GPa) (MPa/K)

Brillouin scattering
This study (revised) Py68Alm24Gr5Sp1 168.2 (71.8) �16.8 (71.3) 167.0 (71.8) �23.5 (72.0) 92.1 (71.1) �5.1 (71.1)

This study (linear) Py68Alm24Gr5Sp1 169.9 (71.5) �16.5 (72.0) 168.7 (71.5) �23.3 (74.0) 93.2 (70.6) �3.6 (71.4)

Sinogeikin and Bass (2002) Py100 171.0 (72.0) �14.0 (72.0) 169.4 (72.0) �19.4 (73.0) 94.0 (72.0) �9.2 (71.0)

Ultrasonic interferometry
Gwanmesia et al. (2006) Py100 175.0 (72.0) �18.0 (72.0) 172.0 (72.0) �26.0 (74.0) 91.0 (71.0) �10.0 (71.0)

Gwanmesia et al. (2007) Py100 166.0 (70.2) �19.3 (70.4) 164.3d
�26.0d 92.2 (71.0) �10.4 (70.2)

Suzuki and Anderson (1983) Py73Alm16And4Uv6 171.2 (70.8) �19.4c 169.4d
�25.6c 92.6 (70.3) �10.2c

Sumino and Nishizawa (1978) Py73Alm16And4Uv6 171.2 (71.6) �22.5 (71.2) 92.7 (70.1) �8.7 (70.3)

Bonczar et al. (1977) Py62Alm36 168.2 (70.4) �18.8 (70.6)

Sumino and Nishizawa (1978) Py50Alm46Gr2And1 173.6 (71.6) �22.7 (72.5) 95.3 (70.1) �10.7 (70.3)

Sumino and Nishizawa (1978) Py39Alm54Gr5And1 173.5 (71.2) �22.7 (72.3) 95.5 (70.1) �10.9 (70.3)

Soga (1967) Py21Alm76Gr3 177.0d
�20.1d 94.3d

�10.6d

a Only Brillouin scattering and ultrasonic interferometry results are listed for pyrope–almandine garnets.
b Py: pyrope, Mg3Al2Si3O12; Alm: almandine, Fe3Al2Si3O12; Gr: grossular, Ca3Al2Si3O12; Sp: spessartine, Mn3Al2Si3O12; And: Ca3Fe2Si3O12; Uv: Ca3Cr2Si3O12.
c Linear fits to reported data by Sinogeikin and Bass (2002).
d The uncertainty is not available in the text.
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heterogeneity (e.g. Jordan, 1975; Grand and Helmberger, 1984).
The well-documented existence of low velocity zone above 200 km,
for example, requires the results from partial melting study instead
of simply using single-crystal elasticity data, which was not the
major goal of this study (e.g. Zhao et al., 1992; Webb and Forsyth,
1998). The maximum anisotropy (A) is calculated using single-
crystal elasticity of each given mineral following the method in
Mainprice et al. (2000):

A¼ 2� ½ Vmax�Vminð Þ= VmaxþVminð Þ� � 100% ð16Þ

where Vmax and Vmin represent the maximum and minimum VP or VS

velocity of the mineral, respectively. Literature thermal elastic
constants and thermal expansion coefficients used here include
Fe-bearing garnet (this study; Fei, 1995), olivine (Isaak, 1992;
Abramson et al., 1997; Zha et al., 1998; Liu and Li, 2006), orthopyr-
oxene (Chai et al., 1997; Jackson et al., 2003, 2007), and clinopyr-
oxene (Finger and Ohashi, 1976; Matsui and Busing, 1984; Isaak
et al., 2006). These values were further evaluated along a represen-
tative upper mantle geotherm (Stacey, 1992) by extrapolating the
experimentally measured elastic constants and their P–T derivatives
to relevant P–T conditions using the third-order Eulerian finite-
strain equation (Birch, 1978):

Cijklðf Þ ¼ 1þ2fð Þ
7=2 CT

ijkl,0þbf
� �

�PDijkl ð17Þ

b¼ 3KT
S0 C0Tijkl,0þDijkl

� �
�7CT

ijkl,0 ð18Þ

Dijkl ¼�dijdkl�dikdjl�dildjk ð19Þ

where Cijkl,0
T represents each elastic constants at room pressure and a

given temperature (T), C0 ijkl,0
T is the pressure derivative of the elastic

constant, and KS0
T represents the adiabatic bulk modulus at room

pressure and a given temperature. Our calculations show that both
the shear and compressional anisotropies of the Fe-bearing pyrope
are extremely small (within 1% for both compressional and shear
waves). In contrast to the very small anisotropies in garnet, olivine
and pyroxene exhibit significantly larger anisotropy in the range of
13–43%: olivine exhibits the largest AVP

of �20–24% and AVS
of

�37–33%, whereas clinopyroxene displays �13–18% for AVP
and

�32–43% for AVS
, orthopyroxene shows �13–15% for AVP

and
�21–25% for AVS

(Fig. 6). Due to the extremely small anisotropy
of our Fe-bearing pyrope, it is likely that garnet does not play a
major role in the seismic anisotropy in the upper mantle region,
suggesting that the seismic anisotropy in the upper mantle (200–
400 km depth) is mainly caused by the crystal preferred orientation
of olivine and pyroxene (Mainprice et al., 2000).

To better understand seismic profiles and mineralogical mod-
els of the upper mantle, we have also modeled the VP and VS

profiles of two representative upper-mantle mineral assemblages,
piclogite and pyrolite, using updated elastic properties of
Fe-bearing pyrope for the Earth’s upper mantle region between
200 and 400 km depth along a normal continental geotherm
(Stacey, 1992). The third-order Eulerian finite-strain equation (Eqs.
(9) and (10)) (Birch, 1978) and the third-order Birch–Murnaghan

Fig. 4. Bulk and shear moduli and their pressure derivatives in the pyrope–

almandine system. (a) Adiabatic bulk modulus (KS0); (b) shear modulus (G0);

(c) pressure derivative of the bulk modulus at 300 K ((@KS/@P)T); (d) pressure

derivative of the shear modulus at 300 K ((@G/@P)T). Red diamonds: this study;

black filled circles: previous Brillouin scattering results (Leitner et al., 1980;

O’Neill et al., 1991; Conrad et al., 1999; Sinogeikin and Bass, 2000; Jiang et al.,

2004); open circles: previous ultrasonic results (Verma, 1960; Soga, 1967; Bonczar

et al., 1977; Webb, 1989; Chen et al., 1997, 1999; Wang and Ji, 2001; Gwanmesia

et al., 2006, 2007). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 5. Comparison of the adiabatic bulk (KS) and shear (G) moduli in the pyrope–

almandine system at high pressure from Brillouin scattering studies. Black circles:

pyrope with 25 mol% Fe to 25 GPa (this study); red diamonds: pure pyrope

without any Fe to 20 GPa (Sinogeikin and Bass, 2000); blue circles: pyrope with

72 mol% Fe to 11 GPa (Jiang et al., 2004). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Compressional (VP) and shear (VS) wave anisotropy of major minerals in

the upper mantle. The anisotropy factor (A) is defined by 2� (Vmax�Vmin)/

(VmaxþVmin)�100% for both VP and VS (Mainprice et al., 2000). Magenta lines:

garnet, this study; green lines: olivine (Isaak, 1992; Abramson et al., 1997; Zha

et al., 1998; Liu and Li, 2006); orange lines: clinopyroxene (Finger and Ohashi,

1976; Matsui and Busing, 1984; Isaak et al., 2006); purple lines: orthopyroxene

(Chai et al., 1997; Jackson et al., 2003, 2007). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this

article.)
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EoS (Eq. (14)) (Birch, 1978) were used to calculate the KS, G, VP, and
VS of the Fe-bearing pyrope at high P–T . Our modeling here is
limited to the region between 200 and 400 km depth because of the
relatively large regional seismic variations observed above 200 km
depth (e.g. Grand and Helmberger, 1984). Compared with the
modeled velocities of pure pyrope (Gwanmesia et al., 2006) at the
P–T conditions of 200 km depth, our results show that the Fe effect
on elasticity of pyrope leads to a �3% increase in the VS but
negligible change in the VP within experimental uncertainties. In
addition, the VP and VS profiles of olivine and pyroxene are also
modeled using existing literature results on elasticity and thermo-
dynamic parameters (Finger and Ohashi, 1976; Duffy and Anderson,
1989; Isaak, 1992; Chai et al., 1997; Zha et al., 1998; Jackson et al.,
2003, 2007; Liu and Li, 2006; Isaak et al., 2006). We used the Fe/
(FeþMg) ratio of �10% for olivine and pyroxene, and �20% for
garnet following the iron partitioning results by Irifune and Isshiki
(1998).

Comparison between the modeled VP and VS profiles and
representative global and regional seismic profiles in the region
(Dziewonski and Anderson, 1981; Grand and Helmberger, 1984;
LeFevre and Helmberger, 1989; Kennett, 1991; Kennett et al.,
1995) shows that the VP and VS profiles of garnet are respectively
�5% and �7% faster than the PREM (Dziewonski and Anderson,
1981) (Fig. 7). On the other hand, the VS profile of olivine is very
close to the seismic model but its VP profile is slightly lower.
Compared with garnet and olivine, the VP and VS profiles of
pyroxene are �4–6% and �1–4% slower than the seismic models,
respectively.

We have further evaluated the effects of the volume fractions
of these minerals in the pyrolite and piclogite compositional
models of the upper mantle (Ringwood, 1975; Anderson and
Bass, 1984; Ita and Stixrude, 1992) (Fig. 7). The pyrolite and
piclogite models represent two global mineral compositions of
the upper mantle that are commonly used for comparison
between mineral physics results and global seismic profiles (e.g.
Bass and Anderson, 1984; Duffy and Anderson, 1989; Cammarano

et al., 2003; Li and Liebermann, 2007). The mineral assemblage in
the pyrolite model includes �63% olivine, �15% garnet, �16%
clinopyroxene (Cpx), and �6% orthopyroxene (Opx) (Ita and
Stixrude, 1992), whereas the piclogite model includes �43% olivine,
�15% garnet, �36% Cpx, and �6% Opx (Ita and Stixrude, 1992).
We note that our modeled velocity profiles only took existing
P–T -compositional effects on the elastic velocities into account. In
order to build a more robust model, potential effects of anelasticity
also need to be considered in the future study (Karato, 1993).
Nevertheless, the pyrolite model appears to have slightly greater
VP and VS velocities than the piclogite model, because of their
mineralogical difference (�20% olivine in the pyrolite model is
replaced by clinopyroxene in the picolgite model) (Fig. 7). Although
the modeled VS profiles of both pyrolite and piclogite models match
well with the seismic profiles, their VP profiles are approximately 2–
5% lower than the PREM and AK135-f models at 300 km depth,
together with a small mismatch in the velocity gradient to both
PREM and AK135-f models (Dziewonski and Anderson, 1981;
Kennett, 1991; Kennett et al., 1995). On the other hand, our modeled
VP profile matches some of the regional seismic models very well
(Fig. 7) (LeFevre and Helmberger, 1989), suggesting that an in-depth
understanding of the variation between global and regional seismic
models is needed to better constrain an existing mineralogical
model of the mantle. For a mineralogical model that matches the
global seismic observations, the proportion of garnet needs to be
much higher because garnet exhibits highest sound velocities
among all upper mantle major minerals (Fig. 7). Further simulation
in which the mineral contents are allowed to vary indicates that
approximately 30% garnet is needed to match the AK135-f seismic
model for both VP and VS profiles to the pyrolite model when the
volume of olivine or pyroxene is fixed. However, such high amount
of garnet would significantly affect either Al content or Mg/Si ratio
needed in the upper mantle, which needs to be reconciled with the
chemical composition of the upper mantle from geochemical study
results. It is possible that this mismatch may be simply a result of
limited experimental data that have been extrapolated to extreme
P–T conditions of the upper mantle, showing the need to measure
the elasticity of all major mantle minerals at relevant P–T conditions
in the future. Future considerations of factors such as iron partition-
ing as a function of depth in these minerals (e.g. Irifune and Isshiki,
1998), the anelastic effect (Karato, 1993), and variable temperature
gradient (e.g. Brown and Shankland, 1981; Stacey, 1992; Katsura
et al., 2010) may also help to reconcile these mismatches.

In summary, we have measured the single-crystal elasticity
of natural Fe-bearing pyrope, Mg2.04Fe0.74Ca0.16Mn0.05Al2Si3O12,
at simultaneous high P–T conditions up to 20 GPa and 750 K.
Compared to literature results, our results indicate that addition
of 25 mol% Fe in pyrope can increase the pressure derivative
of the bulk modulus by 7% but has negligible effect on the other
elastic parameters. Extrapolation of our results to relevant P–T

conditions of the upper mantle also shows that Fe-bearing pyrope
is almost elastically isotropic in that region, indicating that the
seismic anisotropy in the upper mantle may be caused by the
crystal preferred orientation and elastic anisotropy of olivine and
pyroxene. Using our updated elastic parameters of Fe-bearing
pyrope, we have constructed new velocity profiles for represen-
tative pyrolite and piclogite models. Our results show that the
VS profiles of both pyrolite and piclogite models are consistent
with seismic observations, while VP profiles are slightly lower
than global seismic observations.
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