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Abstract The elastic wave velocities of polycrystal-
line Mjg,Py,, garnet along the majorite—pyrope system
have been measured at pressures up to 21 GPa and tem-
peratures up to 2,000 K using ultrasonic interferometry in
conjunction with in situ X-ray diffraction techniques in a
Kawai-type multi-anvil apparatus. The elastic moduli of
MjgPy,, garnet and their pressure and temperature deriva-
tives are determined by a two-dimensional linear fitting
of the present experimental data, yielding: Kg = 161.5 (7)
GPa, 0Ky/0P = 4.42 (4), 0Ks/0T = —0.0154 (2) GPa/K,
G = 86.2 (2) GPa, aG/oP = 1.28 (1), 0G/9T = —0.0096
(5) GPa/K. The present results together with those of the
studies on the majorite—pyrope solid solutions suggest the
pressure and temperature derivatives of elastic moduli are
insensitive to the majorite content in the majorite—pyrope
system. The velocity gradients of the majoritic garnets in
the majorite—pyrope system are 3 ~ 6 times lower than
those required to account for the high seismic velocity gra-
dients observed in the mantle transition zone.
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Introduction

Majoritic garnet is a major constituent mineral in the
Earth’s mantle transition zone depths of 410-660 km along
with wadsleyite and ringwoodite (Ringwood and Major
1971; Akaogi and Akimoto 1977; Irifune and Ringwood
1987). It was firstly synthesized at high pressure by Ring-
wood and Major (Ringwood and Major 1971) and subse-
quently identified in Catherwood meteorites (Coleman
1977; Mao et al. 1982) and diamond inclusions in mantle-
derived xenoliths (Moore and Gurney 1985; Meyer 1987).
Petrological studies have demonstrated that majoritic gar-
net is the most abundant mineral in basaltic layers of sub-
ducted lithosphere in the mantle transition zone depths (Iri-
fune et al. 1986; Irifune and Ringwood 1993; Hirose et al.
1999; Ono et al. 2001). Accordingly, the physical proper-
ties of majoritic garnet are indispensable for constraining
the mineralogical models of the mantle transition zone.
Previous studies have demonstrated that the simplified
system Mg,Si,0,, (majorite)-Mg;Al,Si;0,, (pyrope) is
the most relevant and dominant solid system in the mantle
transition zone (Irifune and Ringwood 1987, 1993; Irifune
et al. 1996; Gasparik 1990, 1992; Kubo and Akaogi 2000;
Akaogi et al. 2002). However, the elastic properties of
majoritic garnets along the majorite—pyrope system inves-
tigated by earlier Brillouin scattering (Bass and Kanzaki
1990; Yeganeh-Haeri et al. 1990; Pacalo and Weidner 1997,
Sinogeikin et al. 1997, Sinogeikin and Bass 2002a, b)
and ultrasonic interferometry (Rigden et al. 1994; Liu
et al. 2000; Gwanmesia et al. 2006, 2009; Zou et al. 2012)
were largely scattered; for example, the pressure deriva-
tives of the elastic moduli ranged from 3.2 to 6.7 and 1.0
to 2.1 for K¢"and G’, respectively. The high sound velocity
gradients, characteristic of this region (Bass and Anderson
1984; Sinogeikin and Bass 2002a), may be caused by the
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unusually high-pressure derivatives of the elastic moduli of
the majoritic garnets in this solid system (Gwanmesia et al.
1998; Kavner et al. 2000; Liu et al. 2000). The discrepan-
cies on the elastic properties of the majoritic garnets in this
system have impeded to interpret the seismic velocity pro-
file of the mantle transition zone.

In addition, these earlier studies were performed at ambi-
ent conditions (Bass and Kanzaki 1990; Yeganeh-Haeri et
al. 1990; Pacalo and Weidner 1997; Sinogeikin et al. 1997,
Gwanmesia et al. 2000), high pressures at room temperature
(Sinogeikin and Bass 2002a; Liu et al. 2000) or high tem-
peratures at room pressure (Sinogeikin and Bass 2002b).
There have been virtually no experimental studies on elas-
tic properties of majoritic garnets at high-pressure and high-
temperature conditions of the mantle transition zone, where
majoritic garnet is believed to be stable and abundant volu-
metrically. The development of state-of-the-art experimental
techniques of ultrasonic interferometry in conjunction with
synchrotron X-ray diffraction allows us to investigate sound
velocities of minerals at pressure and temperature conditions
of the Earth’s deep interior (Li et al. 1996, 2001, 2004, Li
and Liebermann 2007; Higo et al. 2008, 2009). Gwanmesia
et al. (2009) measured the elastic parameters of Mj Py, and
Mj;,Py5, garnets up to 8 GPa and 1,000 K. More recently,
Zou et al. (2012) reported the elastic wave velocity of pyrope
to 19 GPa and 1,700 K. To date, however, the elastic wave
velocity studies on the majorite-rich garnets have been very
limited; only the exception is Irifune et al. (2008), which
reported the elastic wave velocity of majorite with a pyro-
lite minus olivine composition under high-pressure and high-
temperature conditions of the mantle transition zone region.
The majoritic garnet sample used in this study, however, has
a more complex chemical composition than the end-member
majorite in the majorite—pyrope system, the results of which
are applicable only to address the behaviors of majorite with
a pyrolite composition.

Here we performed in situ X-ray diffraction and ultra-
sonic measurements on a majoritic garnet in the major-
ite—pyrope system at simultaneous high pressures and high
temperatures in a Kawai-type multi-anvil apparatus. The
elastic moduli and their pressure and temperature deriva-
tives are determined from the current experimental data.
The newly obtained results are compared with those from
the previous studies on other majoritic garnets with various
compositions along the majorite—pyrope system.

Experimental method
Synthetic polycrystalline Mjg Py, garnet

The polycrystalline majoritic garnet was synthesized at
19 GPa and 1,700 °C for 2 h from a glass with composition
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of 95 mol % MgSiO; and 5 mol % Al,O; [i.e., 80 mol %
Mg,Si O, (Mj) and 20 mol % Mg;Al,Si;0,, (Py)] using
a Kaiwai-type multi-anvil apparatus (Orange-3000) at
the Geodynamics Research Center, Ehime University,
Japan. The hot-pressed specimen was well sintered, trans-
lucent, and cylindrical in shape, with ~2 mm in diam-
eter and ~1.5 mm in length. The recovered sample was
confirmed to be a single-phase garnet with an average
grain size of ~3 pm by X-ray diffraction and Field-Emis-
sion Scanning Electron Microprobe (FE-SEM; JEOL-
7000F) observations. We noted that the polycrystalline
MjgoPy,, garnet was essentially anhydrous by the absence
of OH adsorption bands in the Fourier-transform infra-
red spectroscopy (FTIR). The bulk density of the sample
0o = 3.521 + 0.021 g cm™* determined by Archimedes’
method is close to the density p, = 3.528 + 0.001 g cm™>
calculated from the X-ray diffraction pattern, suggesting a
very low porosity of the recovered sample.

Ultrasonic system in conjunction with in situ X-ray
diffraction measurements

Ultrasonic measurements at simultaneous high pressures
and high temperatures were conducted with a 1,500-ton
Kawai-type multi-anvil apparatus (SPEED-1500) located
at the beamline BLO4B1 in SPring-8. The detailed infor-
mation about the ultrasonic system, in situ X-ray diffrac-
tion, and X-radiography techniques has been described by
Higo et al. (2008, 2009). We adopted the same 11/5 (OEL/
TEL = Octahedral Edge Length of pressure medium/Trun-
cated Edge Length of anvil) cell assemblage with that of
Kono et al. (2010a) for ultrasonic and in situ X-ray dif-
fraction measurements. A dense Al,O; rod was used as a
buffer rod between the sample and tungsten carbide anvil.
Thin gold foils (2.5 pm in thickness) were placed on the
interfaces between anvil, buffer rod, sample, and pressure
marker to improve mechanical coupling. A rhenium foil
tube was used as heater and an MgO window was placed in
a LaCrO; sleeve for obtaining X-ray diffraction of the sam-
ple and pressure marker (Au + NaCl + BN). Temperature
was measured by a Wy,Re;—W,sRe,s thermocouple with
the hot junction near the pressure marker.

Both ends of the polycrystalline rod sample were pol-
ished to mirror surfaces using 0.5-pm diamond powders.
The travel times of ultrasonic P- and S-waves through the
sample were determined by a pulse echo overlap method
(Li et al. 2002, 2004; Higo et al. 2008, 2009; Kono et al.
2010a). A 10° Y-cut LiNbOj; transducer, generating and
receiving both compressional and transverse waves simul-
taneously, was bonded on the well-polished backside cor-
ner of the truncated anvil cube. Acoustic frequencies of
60 MHz for P-wave and 40 MHz for S-wave were used to
determine the travel times in our study. The uncertainties of
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two-way travel times are &2 ns. The sample at simultane-
ous high pressures and high temperatures was monitored by
X-ray radiography with a high-resolution CCD camera. The
precise sample length was calculated using the calibrated
image pixels (1 pixel = -2 pwm, in this study) multiplied by
the observed distance between the gold foils placed on the
top and bottom surfaces of the sample. Uncertainties in the
sample length are within £2 pm.

In situ X-ray diffraction measurements were conducted
by an energy-dispersive system with a fixed diffraction
angle (6°). The unit-cell volumes of the sample and the gold
pressure marker were refined by reducing full diffraction
patterns following the LeBail method (Le Bail et al. 1988)
with the multi-phase profile-fitting technique implemented
in the EXPGUI/GSAS software package (Larson and Von
Dreele 2000; Toby 2001). The experimental pressures were
evaluated from the equation of state of Au (Tsuchiya 2003)
from its unit-cell volume at each P-T condition.

Experimental procedures

Two in situ X-ray diffraction and ultrasonic measure-
ments were conducted at the P-T range of 0-21 GPa and
300 ~ 2,000 K (Table 1). As shown in Fig. 1, the sample
was firstly compressed to the desired pressure at room
temperature and then heated to the maximum temperature
to release the non-hydrostatic stress. The X-ray diffraction
data, ultrasonic travel times, and sample images were then
collected during the cooling process down to room tempera-
ture with 200-K temperature intervals in each cycle. In run
S2888, we performed four cycles of this process up to 21
GPa and 1,300 K in the metastable field of Mjg,Py,, gar-
net. In run S2907, the measured P-T conditions of the last
cycle were up to 16 GPa and 2,000 K within the stability
of MjgPy,, garnet. When the temperature decreased from
2,000 to 1,800 K at the constant load, only X-ray diffraction
data were collected without ultrasonic data due to the dete-
rioration of the LiNbOj; transducer. The samples remained
as a single phase of garnet in above runs and no secondary
phase was observed in the recovered samples by FE-SEM.

Experimental results

Figure 2 shows some representative in situ synchrotron
X-ray diffraction patterns collected at ambient condition
and high pressures and high temperatures. In all diffrac-
tion patterns, the major reflections are assigned to the gar-
net structure, while minor peaks are originated from the
rhenium heater and gold foil in the measured cell assem-
bly. Parise et al. (1996) and Heinemann et al. (1997) sug-
gested that majorite containing about 20 mol % pyrope in
the pyrope—majorite system adopted a tetragonal structure,

although the structure for the Mjg,Py,, garnet in their stud-
ies was not obvious. In our study, we could not unam-
biguously identify peak-splitting or appearance of new
peaks as evidence for the tetragonal structure (Parise et al.
1996). This is because the energy-dispersive X-ray diffrac-
tion technique at a fixed angle bears a certain limitation in
resolving the small structural distortions. Thus, we refined
the cell parameters on the basis of pseudocubic structure
for Mjg,Py,, garnet. The zero-pressure unit-cell volume
Vo = 1,513.24 £ 0.17 A3 in our study agrees well with
Vo=1513.8£1.0 A3 (Sinogeikin et al. 1997) and is about
0.1 % smaller than the value of 1,514.1 A? (Morishima et
al. 1999), which were also calculated with the cubic sym-
metry for Mjg,Py,, garnet. The tetragonal distortion may be
very small for Mjg Py, garnet, if any, as our result is also
comparable to the value of 1,513.6 & 0.1 A3 reported for
the same composition garnet with the tetragonal structure
by Parise et al. (1996).

The unit-cell volumes of Mjg,Py, garnet at various high
pressures and high temperatures are determined through in
situ X-ray diffraction measurements and then fitted to the
high-temperature third-order Birch-Murnaghan equation
of state (HTBM; Fig. 3). The densities of Mjg,Py,, garnet
at various P-T conditions are determined by its molecu-
lar weight divided by the unit-cell volumes (Table 1).
Fitting P-V-T data to the HTBM equation of state gives
the thermoealstic parameters as follows: K; = 160 (4)
GPa, K;' = 4.5 (5), K/dT = —0.012 (6) GPaK™!, and
o« = a + bT with values of ¢ = 2.15 (33) x 1077 K™!
and b = 0.43 (8) x 107¥ K~!. As shown in Table 2, the
K; = 160 (4) GPa determined in this study is slightly
higher than the value (Kt = 156 (2) GPa) derived at the
fixed thermal expansion of 2.88 x 107> K~ (Morishima et
al. 1999), whereas the K’ agrees well with K= 4.4 (3) of
their study.

Figure 4 shows the P-wave (Vp) and S-wave (Vi)
velocities of Mjg,Py,, garnet at various temperatures as a
function of pressure. Both V};, and Vg increase almost lin-
early with increasing pressure, while they decrease with
increasing temperature. The linear dependence on pres-
sure and temperature of both Vp and Vg was also reported
in earlier studies on grossular (Kono et al. 2010b) and
pyrope (Zou et al. 2012), in contrast to the significantly
nonlinear temperature dependences of V;, and Vg observed
for majorite with a pyrolite minus olivine composition
(Irifune et al. 2008), ringwoodite (Higo et al. 2008), and
akimotoite (Zhou et al. 2013a) using the same technique.
Here, we adopt the two-dimensional (2D) linear fitting
(Li et al. 1998, 2001; Gwanmesia et al. 2006; Irifune et
al. 2008; Higo et al. 2008; Kono et al. 2010b; Zou et al.
2012; Zhou et al. 2013a):

M =My +dM/dP x P +dM /dT x (T—300)
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Table 1 P-V-T, sound Run.no. P(GPa) T(K) V(A% Density (g/em®) Vp (ki/s) Vg (km/s) Kg(GPa) G (GPa)

velocity, and elasticity data of

Mjg,Py,, garnet at various high $2888

pressures and high temperatures ) 0.00(1) 300 1,513.24(17) 3.5279 (4)
S07 14.64 (3) 300 1,400.76 (13) 3.8112 (3) 9.80(2) 525(1) 2262(12) 1049 (3)
S13 1620 (3) 300 1,391.58(10) 3.8363 (3) 9.90(3) 5.28(1) 233.1(10) 1069 (4)
$20 17.06 (4) 300 1,386.63 (01) 3.8500 (1) 9.95(2) 530(2) 236.9(10) 108.0(7)
$27 17.77(9) 300 1,381.38 (03) 3.8646 (1) 9.99(3) 531(1) 240.0(18) 109.0 (4)
S06 1500 (3) 500 1,403.55(15) 3.8036 (4) 977(3) 522(2) 224.8(20) 103.5(2)
s12 16.63(3) 500 1,394.44 (04) 3.8284 (1) 9.87(3) 525(2) 232.0(17) 105.6(5)
S19 1735(2) 500 1,389.38(12) 3.8424 (3) 991 (3) 527(1) 2352(20) 1065 (2)
$26 18.10(9) 500 1,383.61 (02) 3.8584 (1) 9.95(3) 528(1) 2384(19) 107.5(3)
S04 1544(2) 700 1,406.07 (11) 3.7968 (2) 974(3) 520(2) 2233 (14) 102.6(6)
S11 17.09(9) 700 1,396.75 (01) 3.8221 (1) 9.84(3) 522(1) 231.0(15) 1043 (5)
S18 17.81(3) 700 1,392.10(08) 3.8349 (2) 9.88(3) 5.24(1) 2342(18) 1052 (3)
25 18.66 (9) 700 1,386.90 (02) 3.8492 (1) 9.92(3) 526(1) 237.0(20) 1063 (2)
S03 1587(2) 900 1,409.40 (11) 3.7878 (3) 971 (3) 5.16(1) 222.6(18) 100.8(3)
S10 17.52(3) 900 1,399.55(09) 3.8145 (2) 9.81(3) 520(2) 229.9(15) 1029 (6)
S17 1826 (3) 900 1,394.49 (07) 3.8283 (2) 9.86(3) 521(1) 233.9(17) 103.9(4)
S24 19.02(9) 900 1,389.96 (10) 3.8408 (2) 9.90(2) 522(1) 2365(10) 104.9 (4)
S02 16.52(2) 1,100 1,411.58 (16) 3.7819 (3) 9.69(3) 5.14(1) 2221(17) 99.7 (4)
S09 17.98 (7) 1,100 1,402.31 (07) 3.8069 (2) 976(3) 5.17(1) 227.1(17) 101.6 (4)
S16 1874 (2) 1,100 1,396.77 (11) 3.8220 (3) 9.83(3) 5.18(1) 2323(17) 102.6(7)
$23 19.51 (9) 1,100 1,392.52(05) 3.8337 (1) 9.87(3) 520(2) 2353(12) 103.6(4)
S15 19.41 (4) 1,300 1,399.85(07) 3.8136 (2) 981 (3) 5.15(1) 232.1(17) 101.2(4)
$22 19.97 (9) 1,300 1,395.16 (01) 3.8265 (1) 9.85(3) 5.17(1) 2347(17) 1023 (4)
52907
500 0.00(1) 300 1,514.09 (17) 3.5259 (4)
505 17.37(4) 300 1,385.10 (17) 3.8543 (4) 9.96(3) 530(1) 238.1(18) 108.2(4)
s10 18.53(5) 300 1,375.07 (10) 3.8824 (4) 10.02(3) 532(1) 2433 (13) 109.9(7)
s15 1991 (6) 300 1,370.87 (17) 3.8943 (3) 10.11(3) 536(2) 2494 (18) 111.7(4)
s04 17.67(3) 500 1,388.15(16) 3.8458 (1) 9934 527(1) 236.6(25) 1069 4)
509 18.82(8) 500 1,380.51 (17) 3.8671 (4) 9.99(3) 529(1) 241.9(18) 1082 (4)
s14 2028(6) 500 1,373.75(17) 3.8861 (1) 10.08(3) 533 (1) 248.0(18) 1103 (4)
$03 18.06(2) 700 1,391.27 (16) 3.8372 (3) 9.90(3) 524(2) 2353 (18) 1055 (4)
508 19.22(8) 700 1,383.43 (17) 3.8589 (1) 9.96(3) 527(1) 2404 (18) 107.0 (4)
s13 20.67(7) 700 1,376.52 (18) 3.8783 (3) 10.053) 530(1) 246.8(18) 108.9 (4)
s02 1848 (3) 900 1,393.68(17) 3.8305 (1) 9.87(3) 521(1) 2344(17) 104.0 (&)
s07 19.66(9) 900 1,386.62 (18) 3.8500 (2) 9.94(2) 524(1) 2393(10) 105.7 (4)
s12 21.07(7) 900 1,376.88 (10) 3.8773 (1) 1001 (3) 526(1) 245.1(18) 107.3 (4)
516 16.00 (9) 2,000 1,444.86 (19) 3.6948 (3) 9.40(3) 4.94(2) 206.1(11) 903 (7)

Values in parentheses are the 517 1525 (9) 1,800 144333 (12) 3.6988 (3)

uncertainties in the last digit(s)

where M is Vp or Vg and dM/dP and dM/dT are their
first-order pressure and temperature derivatives. A least
square fitting of all the data yields: V, = 8.93 (1) + 5.95
) x 1072 x P — 278 (3) x 107* x (T — 300)
and Vg = 493 (1) + 2.14 (4) x 1072 x P — 1.90
(2) x 107 x (T — 300), respectively. The derived
Vp = 8.93 (1) km/s of Mjg,Py,, garnet at ambient condition
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is slightly higher than the result (V, = 8.82 (1) km/s) for
the majoritic garnet with the same composition using
Brillouin scattering method (Sinogeikin et al. 1997), while
the present Vg = 4.93 (1) km/s at ambient condition agrees
well with Vg = 4.91 (2) km/s in their study.

The adiabatic bulk (Kg) and shear (G) moduli of
MjgPy, garnet at high pressures and high temperatures
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Fig. 1 Experimental pressure and temperature paths for ultrasonic
and X-ray diffraction measurements on the polycrystalline MjgPy,,
garnet plotted on the phase diagram for MgSiO; (Gasparik 1990).
The phase boundaries in red lines are stability field of Mjg,Py,, gar-
net (Gasparik 1992). The arrows indicate the P-T paths for these
measurements. Opx orthopyroxene, Cpx clinopyroxene, HP-Cpx
high-pressure clinopyroxene, 8 wadsleyite, y ringwoodite, St stisho-
vite, Mj majorite, /I ilmenite, Pv perovskite
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Fig.2 Some examples of in situ X-ray diffraction patterns of
MjgoPy,, garnet at a ambient condition (S2888), b 19.9 GPa, 1,300 K
(S2888), and ¢ 16.0 GPa, 2,000 K (S2907). The diffraction peaks
from rhenium heater and gold foil are indicated by short lines

are determined using the data in Table 1 and the relations
Kg = p(V2 — 4Vg/3) and G = pV. Figure 5 shows the
variations of adiabatic bulk and shear moduli of Mjg,Py,
garnet as a function of pressure and temperature. The data
of adiabatic bulk and shear moduli are also fitted with the
2D linear fitting method, yielding: Kg = 161.5 (7) + 4.42

1500

1450

V (A%

1400

CeOeD>POe

o 5 10 15 20
P (GPa)

Fig. 3 P-V-T data of Mjg,Py,, garnet with calculated isothermal
compression curves. The solid curves are calculated from thermoelas-
tic parameters derived from high-temperature third-order Birch-Mur-
naghan equation of state. The color solid circles are from one experi-
ment result of Mjg,Py,, garnet at 0~12.9 GPa (Morishima et al. 1999)

(4) x P — 154 (2) x 1072 x (T — 300) and G = 86.2
(2) + 1.28(1) x P — 0.96 (5) x 1072 x (T — 300). The
present bulk modulus and shear modulus at ambient con-
dition are consistent with the results of Sinogeikin et al.
(1997) within the uncertainties, while our results are lower
by 2.5 and 3 % than those of Gwanmesia et al. (2000). The
thermoelastic parameters of Mjg,Py,, garnet in the present
study are also obtained by fitting to the functions of Eulerian
strain to third order (Davis and Dziewonski 1975; Gwan-
mesia et al. 2006, 2009, 2013). The derived elastic proper-
ties are as follows: Kg = 158 £ 5 GPa, Ki' = 4.7 £ 0.5,
0Kg/0T = —0.015 £ 0.003 GPa/K, G = 84 £ 3 GPa,
G’ = 1.24 £ 0.17, and 0G/0T = —0.011 £ 0.001 GPa/K.
All the values derived from the linear fitting are within
uncertainties of results obtained by the finite-strain fitting
method.

Discussion

The elastic properties of Mjg,Py,, garnet obtained in this
study and previous studies on the solid solutions in the
majorite—pyrope system are summarized in Table 2. At
ambient conditions, the differences of elastic moduli of the
garnets with various compositions in the majorite—pyrope
system are relatively small. Sinogeikin et al. (1997), based
on earlier studies (Yeganeh-Haeri et al. 1990; Bass and
Kanzaki 1990; Yagi et al. 1992; Pacalo and Weidner 1997),
proposed two models for the dependence of elastic moduli
on the majorite content in this system: (1) a small linear
decrease in Kg and G from Py,y, to Mj,0; (2) constant
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Table 2 Elastic properties of majoritic garnets along the majorite—pyrope system

M; Py, _, Ky (GPa) G(GPa) 0dKg/oP  9G/oP 0Kg/oT oG/oT P/T conditions References

(x: mol %) (1072GPo/K) (1072 GPa/K)

Ultrasonic interferometry

MijsoPyag 161.5(7) 86.2(12) 442@4) 128(1) —154(2) —0.96 (5) 21 GPa, 2,000 K This study

MjsoPyso 170 (5) 89 (1) 6.4 (5) 2.1(2) - - 9 GPa Liu et al. (2000)

MjsoPys 169(1) 90.6(22) 529(4) 149(2) -—-146(@4) —0.933 (2) 8 GPa, 1,000 K Gwanmesia et al. (2009)
Mj4oPyeo 172 (2) 91 (1) 534(05) 1533) -—-146@14) —0.94 (4) 8 GPa, 1,000 K Gwanmesia et al. (2009)
MjsePye, 171 (5) 90 (1) 6.2 (5) 1.9(2) - - 9 GPa Liu et al. (2000)

Pyi00 170.0(2) 93.2() 451(3) 151(2) —-1.70() —1.07 (1) 20 GPa, 1,700 K Zou et al. (2012)

Brillouin scattering

Mji00 166 (3) 85(2) 42 (3) 1.4 (2) - - 15.1 GPa Sinogeikin and Bass (2002a)
MijsoPyag 163 (3) 88 (2) - - —1.43 (20) —0.83 (10) 1,073 K Sinogeikin and Bass (2002b)
MjsoPyso 167 (3) 90 (2) - - —1.45 (20) —0.82 (10) 1,073 K Sinogeikin and Bass (2002b)
Mjs,Pys 167 (3) 90 (2) 4.2 (4) 1.4 (2) - - 12.8 GPa Sinogeikin and Bass (2002a)
Pyi00 171 (2) 94 (2) - - —1.4(2) —0.92 (10) 1,073 K Sinogeikin and Bass (2002b)
Isothermal static compression

MisoPyag 160 (4) - 4.5(5) - —1.2(6) - 23 GPa, 773 K This study

MisoPyag 156 (2) - 4.4 (3) - -19@3) - 23 GPa, 773 K Morishima et al. (1999)
Mjs¢Pye, 160 (3) - 4.9 (5) - -1.94) - 11 GPa, 1,163 K  Wang et al. (1998)

K and G from Mj,q, to Mj;,Py;, followed by a step-like
decrease at Mj;oPy;;—MjgoPy,o and a gradual increase to
Mj,o- As shown in Fig. 6, our results are rather compatible
with the model (2), although we cannot rule out the possi-
bility of the linear dependence (Pacalo and Weidner 1997,
Gwanmesia et al. 2000). The different synthesis conditions,
quench history, and measured methods make it difficult to
describe the scattering nature of the elastic moduli data on
the majoritic garnets along the majorite—pyrope system,
especially the compositional dependency of elastic moduli
in this system. It is also unclear whether the cubic-tetrag-
onal symmetry transformation at Mj,sPy,s (Parise et al.
1996) affects the elastic moduli of majoritic garnets in this
system. Further systematic studies are required to clarify
this issue, although the effects of this phase transformation
seem not to be very significant (Sinogeikin et al. 1997).
The newly obtained pressure derivatives of the adiaba-
tic bulk modulus Ky" = (0Kg/0P); and the shear modulus
G' = (3G/P); of Mjg,Py,, garnet are 4.42 (4) and 1.28
(1), respectively, which are nearly identical with the results
of Py,y [Ks' = 4.51 3), G’ = 1.51 (2); Zou et al. 2012]
and slightly lower than those of Mjs)Pys, and MiyPyq
(MjsoPysp © K = 529 (4), G' = 1.49 (2); MjsPyeo
: Ky’ = 5.34 (5), G’ = 1.53 (3); Gwanmesia et al. 2009)
using the similar experimental methods. Furthermore, the
pressure derivatives of elastic moduli for Mjg,Py,, gar-
net in the present study are in good agreement with those
of Mj;oo and MjsPys, determined by Brillouin scatter-
ing techniques (Sinogeikin and Bass 2002a). On the other
hand, our data are contradictory to the large pressure

@ Springer

derivatives for Mj5,Pys, (K’ = 6.4, G’ = 2.1) and Mj;5Pys,
(K" = 6.2, G’ = 1.9) reported by Liu et al. (2000). Their
high-pressure derivatives may be caused by the non-hydro-
static stresses on the cell assembly without heating at high
pressures (Gwanmesia et al. 2006). It should also be noted
that the Ky’ of MjgPy,, garnet determined in this study
is also compatible with those derived from the isothermal
static compression of Mjg,Py,, (Morishima et al. 1999) and
Mj;sPyg, (Wang et al. 1998). Thus, we conclude that the
pressure derivatives of elastic moduli are not sensitive to
the majorite content in the majorite—pyrope system, in con-
trast to the results by Liu et al. (2000).

The temperature derivatives of the elastic moduli for
MjgPy,, garnet and other majorite—pyrope solid solutions
are listed in Table 2. The values of (dKy/0T)p = —1.54 (2)
x 1072 GPa/K and (3G/dT)p = —0.96 (5) x 1072 GPa/K
of Mjg Py, garnet in this study are in agreement with
those derived from Brillouin scattering measurements on
the same composition and also comparable to those of
Mj;oPys, and Py, garnets (Sinogeikin and Bass 2002b).
Moreover, our results are also essentially identical with
those of Mjs,Pys, and Mj, Py, garnets using the similar
experimental method by Gwanmesia et al. (2009). When
compared with the results of Py, (Zou et al. 2012), our
results are higher by about 10 and 11 %, respectively. The
temperature derivatives of elastic moduli of Mjg,Py,, gar-
net in this study are close to those of other majoritic garnets
in the majorite—pyrope system, indicating that temperature
derivatives of elastic moduli are insensitive to the majorite
content in this system, as proposed by Wang et al. (1998)
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Fig.4 P (a) and S (b) wave velocities of Mjg,Py,, garnet at high
pressures and high temperatures. The solid lines represent the two-
dimensional linear fitting curves. Error bars indicate the uncertainties
of velocities

from the isothermal static measurement on Mj;Py¢, and
Py oo garnets.

The temperature dependences in elastic velocities of
mantle minerals are important to constrain the velocity pro-
file and mineralogy of the mantle transition zone. In Fig. 7,
the Vp and Vg of Mjg,Py,, garnet calculated from current
experimental data decrease linearly with the increasing
temperature at the selected pressures of 16, 18, and 20 GPa,
although a nonlinear behavior in the majorite with a pyro-
lite minus olivine composition was reported by Irifune et
al. (2008). The discrepancy may be explained by the dif-
ference in the mineral composition (Zou et al. 2012) and
the limitation of the measured temperatures range in elastic
velocity study (Zhou et al. 2013a). Further studies on other
minerals at higher temperatures are needed to clarify this
issue.
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Fig. 5 Adiabatic Bulk (a) and shear (b) moduli of Mjg,Py,, garnet
at high pressures and high temperatures. The solid lines represent the
two-dimensional linear fitting curves. Error bars indicate the uncer-
tainties of elastic moduli

In Fig. 8, we evaluate the sound velocity profiles of
MjgoPy, garnet and other solid solutions in the major-
ite—pyrope system (pyrope, Zou et al. 2012; Mg,Si,O,
majorite, Zhou et al. 2013b) along a typical adiabatic geo-
therm in the mantle transition zone (Brown and Shankland
1981). The present Al-bearing majoritic garnet (MjgyPy,)
produces slightly higher velocities than the Mg,Si,O0,,
majorite, while lower than those of pyrope and the typical
seismological models. Therefore, petrological model with
the majorite-rich garnet (e.g., pyrolite, MORB or eclogite)
would produce lower velocities than PREM/AK135 in the
mantle transition zone, especially for the lower part of this
region (Irifune et al. 2008; Kono et al. 2012).

The majoritic garnet is a dominated phase in the man-
tle transition zone (Ringwood and Major 1971; Akaogi and
Akimoto 1977; Irifune and Ringwood 1987). The study
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Fig. 6 Ambient elastic moduli (K and G) as a function of the major-
ite composition in the majorite—pyrope system. Open and solid sym-
bols represent those measured with Brillouin scattering and ultrasonic
techniques, respectively. The open diamond, circle, triangle and
square symbols are from Pacalo and Weidner (1997) and Sinogeikin
et al. (1997), Sinogeikin and Bass (2002a, b), while the large solid
circle, triangle, diamond, pentagon, star, and hexagon symbols are
from this study, Gwanmesia et al. (2000), Liu et al. (2000), Gwan-
mesia et al. (2006), Gwanmesia et al. (2009), and Zou et al. (2012).
The dashed and solid lines represent the compositional dependence
proposed by Sinogeikin et al. (1997)
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Fig. 7 Variations of sound velocities of Mjg,Py,, garnet as a func-
tion of temperature at selected pressures in the mantle transition zone
region. The solid curves show the P- and S-wave velocities (Vp and
V) derived from the present study. The dashed curves represent those
from the sound velocity measurements on the majorite with the pyro-
lite composition (Irifune et al. 2008)

of elastic properties of majoritic garnet will thus contrib-
ute significantly to modeling the sound velocity profile of
the mantle transition zone. For example, the high velocity
gradients in the mantle transition zone at depths of 410-
520 km have been attributed to the gradual dissolution of
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Fig. 8 Comparison of velocities of the majoritic garnets in the
majorite—pyrope system along a typical adiabatic mantle geotherm
in mantle transition zone (Brown and Shankland 1981). Black solid
and dashed lines show the velocity profiles from seismic models of
PREM (Dziewonski and Anderson 1981) and AK135 (Kennett and
Engdahl 1991). Blue, pink, and olivine solid lines are calculated from
the velocity data of Mjg,Py,, (this study), majorite (Mj,,,, Zhou et al.
2013b), and pyrope (Py,,, Zou et al. 2012)

the clinopyroxene into the majoritic garnet with increas-
ing depth (Bass and Anderson 1984; Irifune and Ring-
wood 1987; Irifune and Isshiki 1998; Sinogeikin and Bass
2002a), while a recent study based on sound velocity meas-
urements on the majoritic garnet with a pyrolite minus
olivine composition suggested a smaller velocity gradient
for the mantle transition zone (Irifune et al. 2008). There-
fore, we evaluate the velocity gradient 0Vy/0Z of Mjg,Py,
garnet [~0.7 (m/s)/km, this study], Mg,Si,O,, majorite
[~0.4 (m/s)/km, Zhou et al. 2013b] and pyrope [~0.8 (m/s)/
km, Zou et al. 2012], which are 3-6 times lower than the
observed velocity gradients of PREM/AKI135 [2.1-2.6
(m/s)/km, Dziewonski and Anderson 1981; Kennett and
Engdahl 1991] in the mantle transition zone. The majoritic
garnets in the majorite—pyrope system do not yield steep
velocity slopes to account for the large velocity gradient
in the mantle transition zone. Moreover, the velocity slope
of the ~5 wt% iron-bearing majorite [~0.591 (m/s)/km;
Murakami et al. 2008] is comparable to that of the major-
ite—pyrope system. It has also been suggested that the grad-
ual formation of CaSiO; perovskite from the majoritic gar-
net in a pyrolite minus olivine composition or the presence
of chemical heterogeneity may account for the steep slope
of seismic velocity in the deeper regions of the mantle tran-
sition zone (Irifune et al. 2008). Further studies about the
effect of chemical composition such as calcium and sodium
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impurities, as well as that of the lithology of the mantle
transition zone on the seismic velocities, are needed to con-
strain the mineralogical model of this region in the Earth’s
mantle.
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